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Abstract
In the last three decades nanopore sensing has emerged as a powerful technique for
DNA sequencing and bio-molecular sensing. One of the great appeals of this
technique is that it usually does not require any labeling or chemical modification.
Additionally, its ability to examine a single molecule in real time is a rare feature
which is not achievable with most of other techniques. In recent years, great efforts
have been made to design a nanopore sensor for sampling peptide-protein and proteinprotein interaction. To pave the way for designing a high-throughput wearable
nanopore sensor, we will investigate a few of the parameters that can potentially
influence the sensitivity and reproducibility of a sensor and ultimately the obtained
results.
The first parameter to consider is the cellular crowded environment. Although,
cellular crowding is known to have significant implications in the kinetics and
equilibrium of biopolymer interactions, it has been poorly investigated in nanopore
sensing. Here, we show that the presence of polyethylene glycol (PEG) as an inert
molecule affects the polypeptide-protein interaction. We provide an experimental
evidence showing that less partitioning PEG above a critical value amplifies the
association rate constant and reduces the dissociation rate constant. Our data is
consistent with the lower diffusion rate and enhanced depletion-attraction force
between a polypeptide and transmembrane protein pore at an elevated crowding
concentration.
The second factor to investigate, is how the structural design of a nanopore sensor can
affect its reproducibility and sensitivity. In the designed sensor, which is capable of

sampling a biomolecule of interest outside a nanopore, a folded protein is genetically
attached to the transmembrane protein. Therefore, the first question is, how far this
protein must be positioned to remain in the sensing region of a nanopore and how it
alters the conformational state of the sensor. The second question is, how one can
control the orientation of the folded receptor domain, so that it remains accessible to
the solution. We experimentally address these questions in chapter 3.
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Chapter 1
Introduction
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1.1 Introduction
Understanding the biochemical and biophysical properties of bio-molecular
reactions is the basis for understanding the cellular function. Protein-protein,
RNA/DNA-protein and peptide-protein interactions are among many other necessary
interactions involved in any cellular processes ranging from cell migration, cell
adhesion, cell signaling to membrane fusions, and others. Learning about how these
biomolecules interact and respond to their environment is the key for developing new
diagnostics tool, medicines, and bio-inspired materials. Biomacromolecule’s function
depends on its structure or folding state and environmental condition, such as
temperature, viscosity, pressure, and ionic strength. Despite the scientists’
longstanding efforts, the nature of these molecules functions and their interactions are
yet to be fully understood.
The ensemble measurement of parameters via bulk technique reports an
averaged value, hiding the details of heterogeneity of the system being studied.
Therefore, single-molecule techniques have been developed to reveal the details that
are otherwise ignored1,2. Exploiting single-molecule measurements, one not only can
extract the average, but also find the distribution of the parameter, unraveling the
details that can potentially help better understand the systems’ behavior.
Among single-molecule techniques available, such as fluorescence microscopy,
nanopore sensing, atomic force microscopy, electron microscopy and others, nanopore
sensing as a highly sensitive and label-free technique is becoming a promising tool for
biosensing applications and sequencing of DNA and proteins3.
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Even though, highly sensitive techniques, such as patch clamp4–6, were
available since 1980’s to measure the cellular membrane potential, it was not until
1996, that for the first time, a transmembrane protein called α-Hemolysin (α-HL) was
employed to detect and study a single-stranded DNA7. Earlier nanopore studies were
mostly devoted to understand the partitioning of polyethylene glycol (PEG) into the
nanopore or exploiting PEG to estimate the size of a nanopore diameter7–14. For nearly
a decade, the power of nanopore was concentrated on developing a tool for DNA
sequencing. In 2009, Stoddart et al. showed that single nucleotide could be
discriminated in immobilized DNA using α-HL15. A year later, in 2010, Derrington et
al. demonstrated that MspA, another protein nanopore, is capable of sequencing
DNA16. A few years later, Oxford Nanopore Technologies released the first ever
portable nanopore based device for DNA sequencing17.
In parallel to all the efforts for sequencing DNA, in 1999, Gu et al showed that
a chemical modification in nanopore interior makes them selective towards the certain
compounds18. However, multimeric nature of α-HL and its small diameter prompted
scientists to design and engineer other protein nanopores with either larger size or
monomeric nature19–27. Since the size and geometry of these nanopores are the
determinant factor for their function, each is developed for a certain application. For
example, Phi29 was demonstrated to be able of passing double stranded DNA28; Outer
membrane protein G (OmpG) modified with biotinylated PEG was able to distinguish
multiple antibodies20; Cytolysin A (ClyA)26,29 and two-component Pleurotolysin
(PlyAB)30 were capable of detecting globular protein; and Ferric hydroxamate uptake
component A (FhuA)24,27,31,32 as a robust monomeric beta-barrel protein was capable
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of stochastic sensing of peptide/protein-protein interactions. These are among the few
protein nanopores that have been exploited either because of their larger size or
monomeric nature.
Despite all the success nanopore technique achieved, it wasn’t until 2012 that
Podgornik et al. theoretically showed that in a non-ideal binary mixture of polymers, a
smaller polymer is osmotically pushed in the nanometer sized cavity33 that was later
experimentally confirmed34. A couple of years later, Hoogerheide et al. reported the
possibility of trapping DNA molecule near nanopore by electrophoretic and pressure
induced viscous flow force35. Therefore, it is very important to understand what
parameters can influence the results obtained using nanopore sensing technique.
In this thesis, we will take advantage of the single-molecule nanopore sensing
technique to investigate parameters that can potentially affect the resolution and
sensitivity of protein-based nanopore sensors. First, we will study how presence of
macromolecular crowding, polyethylene glycol (PEG), at various concentrations can
alter the kinetics of the interaction between a positively charged polypeptide, Syn B2,
and a transmembrane protein, alpha-Hemolysin (αHL)36. We show that PEG
penetrates the transmembrane nanopore in the concentration-dependent manner, with
higher molecular weight entering the nanopore at higher concentration. Furthermore,
we show that increase in the ionic current due to the presence of PEG, is more
noticeable at lower salt. We also demonstrate that association rate constant and
dissociation rate constant of the Syn B2-αHL interaction will be influenced by the
excluded volume effect and depletion-attraction force exerted by PEG in the solution.
Second, we study how attaching an asymmetrically charged protein,CRAF1-Ras
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binding domain (CRAF1-RBD)37 to N or C terminus of an engineered beta-barrel
transmembrane protein – Ferric Hydroxamate uptake component A (t-FhuA)- can
stabilize the protein in one conformational sub-state, hence increasing the
reproducibility needed for designing a biosensor. We will also briefly explore the
possibility of implying this concept to develop a biosensor that is adaptable to any
protein of interest as a receptor. For the meantime, it will be useful to take a look at a
brief introduction on nanopore and previous works in the field.
1.2

Nanopore sensing
A nanopore is nanometer sized opening (1-10 nm) in an insulated membrane37.

It has been almost three decades that scientists have used it as a versatile platform for
sensing and analyzing synthetic or natural molecules such as polymer, DNA, RNA,
peptides, and proteins. Taking advantage of the size of a nanopore, a single molecule
could be confined at a time, making it a highly sensitive technique. Moreover,
compared to other methods nanopore sensing does not usually require any labeling or
chemical modification, unless certain application is desired. One of the immediate
advantages of this method is that it can help understanding the mechanics and
dynamics of cellular uptake through transmembrane protein channels.
A nanopore could be a pore forming transmembrane protein in a lipid bilayer
(biological nanopore); a hole drilled into a synthetic insulated membrane such as
Si3N4, SiO2, or graphene38,39 and other 2D materials1,40–46; and very recently developed
pore forming DNA47–49 and peptide in a lipid bilayer50,51. A membrane-holding
nanopore will be put between two compartments filled with an electrolyte.
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Subsequently, applying electric potential via Ag/AgCl electrodes will induce the flow
of ions across the nanopore50,51. Since biomolecule entering nanopore will displace the
media filling the interior of the nanopore, there will be a change in the resistance of
the nanopore. Monitoring the electrical current fluctuation before and after adding
biomolecules of interest reveals details about physical and chemical features of the
biomolecules. To detect a molecule by a nanopore, the molecule needs to enter the
nanopore sensing region which is usually located in the interior region of the
nanopore. This is one of the major bottlenecks to study large globular proteins and
their complexes as their hydrodynamic radius is larger than the nanopore cross
section. Even if a protein is confined inside the nanopore, assuring that binding site of
the restricted protein is freely available for binding to its partner, there remains a
hurdle50,51. Recently engineered protein, Cytolysin A (ClyA) with inner diameter of 57 nm that is capable of detecting some protein-metabolite binding reactions26,29.
Recently Thakur et. Al developed a nanopore-based sensor capable of detecting
Barnase-Barstar interaction that was happening outside the nanopore52. The sensor
was composed of a receptor domain, Barnase attached to the N terminal of a
monomeric protein nanopore, t-FhuA, and a polypeptide tail attached to the free end
of receptor. Interaction of the small polypeptide tail with the interior of the nanopore
created a high frequency spike in the electrical signature of the sensor that disappears
upon receptor binding to its ligand, Barstar. In parallel, there has been efforts to de
novo design a large protein nanopore able to fit a protein in its interior to sample a
metabolite -protein binding30. However, developing a nanopore sensor adaptable for
all ranges of protein sizes and charges will remain a challenge to overcome.
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1.2.1 Technique
Three basic characteristics of nanopore data are the capture rate or frequency
(f), the event amplitude (ΔI=I-I0) and the duration (dwell time, τ) (Fig1.1). In other
words, how fast molecules are trapped in the nanopore, how much they block the ion
flux, and how long they reside in there53,45.
Signal from single molecule detected in the nanopore is subject to fluctuations.
To have a more accurate estimate of system’s behavior one needs enough number of
events for statistical analysis. This usually requires long data collection time
depending on the capture rate. Several methods such as salt gradient54,55, pH
gradient56,57 or carrier attachment58–60 were utilized to increase the capture rate of the
molecule under investigation.
The second feature of the signal from nanopore is the amplitude or depth of the
events. As mentioned earlier, a nanopore is a nano-sized opening in an insulated
membrane filled with an electrolyte. In general, the electrical current through an open
cylindrical nanopore is defined as61
𝐼=

𝑉
𝑅

= 𝑉𝜎[(4𝑙 ⁄𝜋𝑑 2 ) + (1⁄𝑑 )]−1

(1)

where R is the resistance of the pore. First term depends on the geometry of the
pore and the second term, called access resistance, rises from convergence of ions
from bulk to the vicinity of the pore3. Displacement of the electrolyte will result in a
change in resistance and subsequently a fluctuation in current, which is proportionate
to the volume of the object occupying the pore. Hence, analyzing the size of the
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events unravels information regarding the size and geometry of the object confined
inside the nanopore.

A/D convertor
Filter

Amplifier
Headstage
Ag/AgCl

+
trans

Lipid bilayer

Ag/AgCl

cis

-

nanopore

Lipid
Bilayer

Lipid
Bilayer

Current(pA)

KCl

(interevent)

I0
I
(Dwell time)

Time
Figure 1.1. Schematic representation of nanopore sensing technique. Ionic flux through
nanopore is readout as an electrical current. The signal will be amplified, filtered, and digitized before
further process. Presence of the various analytes of interest in the bathing solution will modulate the
nanopore electrical signature. The electrical current modulations could be characterized by the dwell
time(τoff), the time a molecule spends inside the nanopore, the interevent duration(τon), the time
between two consecutive captures, and the current amplitude(I).
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The last parameter, dwell time, is the time duration molecule spends in the nanopore,
which is determined as the time goes by between initial change in the electrical
current and its return to the level before the change. Because of the instrumental
limitation that we will mention later, detecting the fluctuations in the current
amplitude faster than a certain threshold (dead time) is not possible. Therefore,
various approaches have been considered to slow down the transport of the molecules
through nanopores62,63.
The signal generated in the nanopore will be read out by an amplifier that
amplifies the electrical signal and then will be low-pass filtered to remove the
undesirable high-frequency noise, followed by a digitizer to convert the analog signal
to digital signal for recording the data on a computer.
Ionic current noise, which refers to statistical fluctuation of the signal, is
usually undesirable and can even conceal the real signal. On one hand, low pass
filtering that limits the recording bandwidth and lowers the time resolution, is required
to improve the signal to noise ratio and avoid recording the signal that will occupy the
unnecessary space on the computer3,64. According to Nyquist theorem, to achieve the
optimum analog-to-digital conversion, the sampling rate of the system must be at least
twice larger than the highest frequency present in the data sample65,66. On the other
hand, short timescale of biological phenomena or polymer translocation through the
pore necessitates high-time resolution. In other words, if the change in signal is faster
than the time it takes for the filter to change from 10% to 90 % of signal, the rise time
of the filter t=0.35/fc, then signal will be heavily distorted. Multiple approaches such
as increase in viscosity67, double pore system68, optical trapping69, as well as salt and
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pH gradient70–76 have been explored to slow down the translocation time through a
nanopore or increase the time resolution of these processes77–80.

1.3

Biological nanopore
Protein based biological nanopore are the oldest type of nanopore in the history

of nanopore sensing. Using transmembrane protein (HL) as a conductive nano-sized
sensor for studying DNA dates back to mid-1990’s7. Since then, more transmembrane
proteins such as MspA16, OmpG20, ClyA26, FhuA27 have been developed for various
purposes. Here, we look at HL and FhuA, two transmembrane protein that were
employed in the present study.
1.3.1 Alpha-Hemolysin
Alpha-Hemolysin (HL), a lytic transmembrane protein is secreted from
staphylococcus aureus as a 33 kDa monomeric polypeptide. Seven of these monomers
self-assemble together to form a nearly 232 kDa protein complex on the cell
membrane81. Crystal structure of this protein to 1.9 Å resolution was obtained by song
et al. As shown in figure 1.2, the mushroom-like structure of HL measures 100 Å by
100 Å in dimensions and consist of three domains: cap, rim, and stem domain. The
stem domain comprises 14 anti-parallel beta strands that span the membrane and
measures 52 Å in height and 26 Å in diameter.
HL has been the first and most widely utilized transmembrane protein for
nanopore sensing82. Its interaction with the charged and neutral synthetic and natural
polymers has been extensively studied13,14,87–93,33,34,36,82–86. However, because of its
small effective diameter of 1 nm that results in a small conductance, majority of these
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studies are limited to high-electrolyte concentrations. Applying a high salt
concentration will increase the signal resolution, but it is physiologically irrelevant
and may introduce other complexities to the system under study.
Side View
100 Å
Cap

100 Å
Rim
Stem

26 Å

Bottom View

Top View

Figure 1.2. Cartoon presentation of a heptameric α-Hemolysin protein. Top panel
shows the side view of αHL and each color represents one 33 kDa monomer. The bottom
panel shows the bottom view (left) in which the stem side is pointing out and top view (right)
in which the cap is pointing out of page.

1.3.2 Ferric hydroxamate uptake component A (FhuA)
FhuA is an outer membrane transporter and a receptor protein in Escherichia
Coli. Cytoplasmic membrane anchored TonB provides the energy for FhuA to
transport hydroxamate-type siderophore into periplasm31,94–96.

Side View

Periplasmic View

periplasmic
44 Å

65 Å

extracellular
Figure 1.3. Cartoon representation of wild-type FhuA. 160-residue cork domain
and five extracellular loops (3,4,5,10 and 11) were removed to make a diffusive protein
channel.

In addition, FhuA serves as receptor for phages T1, T5, and φ80. In 1998, the
crystal structure of FhuA was published, revealing its similarity to porin proteins, the
554 residues β barrel that consists of 22 antiparallel β strand, which is blocked by its
N terminal 160-residue cork (Figure 1.3)97–102.
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It has been previously shown that removing the cork domain or even loops of
this transport membrane protein results in a diffusive protein
channel24,27,31,32,52,100,102,103. The monomeric nature and the large size of FhuA are the
driving forces for redesigning this membrane protein for nanopore-based applications.
In 2016, A.J. Wolfe et al. redesigned this beta-barrel scaffold by deleting 5
extracellular loops L3, L4, L5, L10, and L11 in addition to 160 residues of cork
domain (Figure 1.4)104. The extensively truncated FhuA, t-FhuA, was shown to retain
its beta-barrel shape and stability over wide range of experimental conditions.

Side View

Periplasmic View

periplasmic

44 Å

65 Å

31 Å

extracellular
Figure 1.4. Cartoon representation of t-FhuA. It measures 65 Å in height and has
an elliptical cross section, which measure 44 × 31 Å.

14

1.4 Crowding
Cellular environment is packed with biological molecules such as proteins,
DNA, polymers, carbohydrates, and polynucleotides105–107. Many of the cellular
pathways requires transport of biomolecules like metabolites, proteins and DNA
across the membrane through membrane transporters (e.g. ion channels). Taking
advantage of the nanopore sensing technique, mechanism, and dynamics of these
processes have been greatly investigated. However, the role that packed cellular
environment plays in such processes remains underinvestigated105–110.
1.4.1 Excluded volume and depletion attraction
It is known that cellular crowding plays a significant role in kinetics and
equilibrium of the biopolymer’s interaction105,108,111. It has been demonstrated that
adding different sizes of polymers such as polyethylene glycol, dextran, ficol, sucrose,
Bovine Serum Albumin, and others as crowding agents in vitro, can mimic the effect
of cellular crowding87,88,106,109,110,112–116106–108,116.
On the one hand, the presence of the molecules as crowding agents will
increase the viscosity of the solution. Thus, according to the Stokes-Einstein equation,
the translational diffusion of a molecule will be proportionally reduced117–119. On the
other hand, it is believed that the major mechanism by which crowding influences the
kinetics and dynamics of the reaction is the volume exclusion8,110. Consider the
crowding polymers are composed of N spheres of volume v=b3 (Figure 1.5). In other
words, the space occupied by a part of a crowding molecule will not be accessible to
the rest of it. This will result in a change in conformational entropy of the sphere and
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eventually a modification in total free energy of the polymer. By further assuming that
the short-range interaction between the monomers is described by a spring of spring
constant ks, the dimension of a polymer chain consisting of N monomer could be
written as R=bN3/5 in a good solvent88. Generally, the dimension of a polymer is
expressed as R=bNν , where ν is the Flory exponent that has different values
depending on the dimensions and the solvent120,121.

B

A
b

ks
R

ks

Figure 1.5. Schematic representation of a polymer A. A polymer consists of N
spheres with the radius of b. B. The short-range interaction between these spheres can be
describe by a spring of spring constant ks.

Therefore, presence of a non-ideal polymer in the solution decreases the
available volume of the solvent to the macromolecule and subsequently increases the
effective concentration of the macromolecules122,123.
In addition to the volume exclusion, each molecule has a depletion layer (Rd)
that is not accessible by the center of mass of the crowding agents. Once the depletion
layers of two molecules start to overlap, the available volume for the crowding
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molecules increases and so does their entropy111,124. This will result in a non-isotropic
osmotic pressure around the reactants. The attractive force exerted duo to this pressure
imbalance is known as depletion-attraction force (Fig 1.6). It has been demonstrated
that the depletion-attraction force influences the association rate of intrinsically
disordered proteins and other globular proteins111,124.

Figure 1.6. Depletion layer of molecules at dilute regime. The radius of this layer is
comparable to the gyration radius of the polymer. The larger the size of the polymers gets,
the bigger the depletion layer becomes. Inaccessibility of the overlapped depletion layers of
two molecules to polymers will result in the pressure anisotropy and subsequently the
depletion-attraction force between two molecules.
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1.4.2 Polymer concentration
Polymers behaves differently in solution at various concentration89,125,126. In the
dilute solution of polymer, each polymer occupies a spherical volume of R3. At this
regime, we assume that particles are far distanced from each other, reactants are
uniformly distributed and surrounded by crowding molecules. Depletion layer at this
regime is assumed to have the radius of ~R. At the overlap concentration these
spheres begin to overlap. In other words, at the overlap concentration the density of
the polymer in the sphere and in the rest of solution is approximately the same. Above
the overlap concentration, these spheres will not be distinguishable, polymers are
entangled and will be described by their blob size ξ (Fig 1.7). At these concentrations,
the radius of a molecule’s depletion layer will be proportionate to the blob size of the
crowding molecules127,128.

ξ

Figure 1.7. Depletion layer above overlap concentration. At a concentration
above the overlap concentration polymers are entangled and described by blob size of ξ. The
depletion layer of the molecule at this concentration would be comparable to the blob size.
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Chapter 2
Interactions of a Polypeptide with a
Protein Nanopore Under Crowding
Conditions
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2.1 Introduction
A cellular milieu is filled with numerous hydrophilic macromolecules that contribute
to a high weight per volume concentration129. Macromolecular crowding plays an
essential role in many cellular processes, such as protein folding, stability, and
dynamics. In addition, crowding has implications in other critical phenomena,
including reaction kinetics and biochemical equilibria105,130,131. The major mechanism
by which crowding agents influence transport properties and reactivity features of
biopolymers is the excluded volume effect130,132. Crowding is highly significant in
interactions of polypeptides with protein pores, porins and channels133. One such
example is the N-terminus peptide at the tip of the voltage-dependent anion channel
(VDAC) protein, which is a monomeric  barrel21. Introducing polymers to an in vitro
experiment can be an example of excluded volume effect. Therefore, we question how
crowding polymers affect the kinetics and equilibrium of the interactions between a
polypeptide and a transmembrane protein pore. These interactions can be detected by
monitoring the changes that occur in transmembrane ionic current as a result of the
application of a voltage bias4,85,141,142,133–140. However, crowding agents, such as
neutral, water-soluble, and flexible polymers, partition into a nanoscale protein pore in
a size-dependent manner10,13,14,87,89,143. Given this interesting property, recent studies
have highlighted the importance of selective pore penetration by smaller polymers
against larger, less-penetrating polymers33. Aksoyoglu and colleagues34 have
systematically documented that in a nonideal binary polymer mixture easily
penetrating polymers are pushed into the pore lumen by relatively less-penetrating
polymers.
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In this study, we investigated the effect of large, less-penetrating polyethylene
glycols (PEGs) on the interactions between a charged polypeptide and the interior of
staphylococcal α-hemolysin (αHL) pore, a heptameric protein of known X-ray crystal
structure81. This protein comprises a roughly spherical vestibule located in the
extramembranous side and a transmembrane, 14-stranded  barrel with an average
internal diameter of ~20 Å (Fig. 2.1). As a test case, we used Syn B2, a 23-residue
cationic signal-sequence polypeptide92,144, which features five positive elementary
charges at physiological pH. This positive polypeptide interacts with the slightly
anionic -barrel of αHL145, producing large-amplitude current blockades90. Here,
these current blockades are employed to determine how PEGs of varying molecular
size affect the Syn B2 - αHL interactions. This study demonstrates that the singlemolecule kinetic details of these interactions are significantly affected by the presence
of less-penetrating PEGs. Specifically, both the rate constant of association, kon, and
dissociation, koff, of the Syn B2 - αHL interactions depend on the PEG molecular size
and its concentration. Finally, we developed a semi-quantitative method for
determining the partition coefficient of the polypeptide into the pore interior and
found a synergistic effect of the electrostatic and depletion – attraction forces on these
interactions under crowding and confinement conditions.
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trans
Syn B2

Figure 2.1. Interaction between a positively charged Syn B2 polypeptide with a
single αHL protein pore. (A) Syn B2 is electrically pulled into the pore lumen of the αHL
protein as a result of the application of a transmembrane potential. Syn B2 was added to the
trans side of the lipid bilayer; (B) Syn B2 polypeptide partition into the pore lumen as a result
of an electrostatic pulling force and a PEG-induced pushing force deriving from osmotic
pressure.

2.2 RESULTS AND DISCUSSION
2.2.1 Polymer partitioning into a nanopore depends on its molecular size and

concentration
Electrical recordings were acquired using a single αHL protein pore reconstituted
into a planar lipid bilayer (Fig. 2.1)92. Here, all experiments were conducted in 300
mM KCl, 10 mM Tris-HCl, pH 7.4, and at an applied transmembrane potential of +80
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mV. Under these conditions, the αHL protein pore showed a quiet open-state current
with a unitary conductance of 0.29 ± 0.01 nS (n=7 distinct experiments; (Appendix.
A, Fig. A1). However, the open-state current of αHL became unstable in the presence
of high-concentration PEGs at a greater voltage than +80 mV (see below). We then
systematically analyzed single-channel electrical recordings acquired in the presence
of 2,000 Da PEG (PEG-2k), 4,000 Da PEG (PEG-4k), or 8,000 Da PEG (PEG-8k)
added to both sides of the chamber. The average hydrodynamic radii of these
polymers are greater than the internal diameter of the narrow transmembrane -barrel
region of the HL protein (Fig. 2.1)10. Since PEG is a neutral polymer at a low-salt
concentration34,146, we further assume that there is no electrostatic interaction between
PEG and Syn B2. The presence of PEGs at a high concentration affected the stability
of the open-state unitary current of HL at an applied transmembrane potential of
+100 mV regardless of the PEG molecular size (Appendix. A, Fig A2). Furthermore,
the presence of PEGs produced frequent current noise fluctuations and a
concentration-dependent alteration in the unitary conductance, as elaborated below.
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Figure 2.2. Normalized conductance of the αHL protein pore, GN ([PEG]). Here, GN
([PEG]) = (G([PEG]))/(G([0])), where G([0]) was the measured unitary conductance in 300
mM KCl, 10 mM TrisHCl, pH 7.4, and G([PEG]) was the measured unitary conductance in
the presence of PEG-1k (green squares), PEG-2k (black squares), PEG-4k (red circles) or
PEG-8k (blue triangles) added symmetrically to both sides of the chamber. The vertical
arrows highlight cases in which the normalized conductance of the αHL protein pore in the
presence of PEG, GN, is smaller than 1. For these cases, PEGs are easily penetrating
polymers. The applied transmembrane potential was +80 mV.

The unitary conductance of the HL protein pore in the presence of PEGs is a
critical parameter, which indicates the polymers' ability to partition or not into the
pore interior10. Therefore, we then determined the normalized single-channel
conductance, GN ([PEG]):
𝐺N ([PEG]) =

𝐺([PEG])
𝐺([0])

(1)

where G([PEG]) and G ([0]) are the recorded single-channel conductance values of
HL at a certain PEG concentration, [PEG], and in the absence of PEG, respectively.
In this article, [PEG] is reported in weight per volume (w/v) units. A normalized
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single-channel conductance lower than 1 would only occur when PEGs partition into
the pore lumen, because they decrease the conductivity of the solution with respect to
PEG-free bulk phase10,11,31,34,86,103,147. On the contrary, a normalized unitary
conductance greater than 1 would indicate that PEGs do not partition into the pore
interior, because of the enhancement in the local salt concentration within the PEGunoccupied volume9,10,34.

We determined that PEG-2k did not partition into the pore lumen in 300 mM KCl
and at [PEG-2k] of up to 20% (w/v) (Fig. 2.2; Appendix. A, Table A1). This
outcome contrasts to an earlier finding that PEG-2k is indeed an easily-penetrating
polymer into HL at 1 M NaCl10,11. Such a difference in polymer partitioning into
HL can be readily explained by the fact that a higher salt concentration increases the
polymer partitioning due to electro-osmotic forces139,145,148. GN ([PEG-2k]) followed a
significant decrease to 0.88 ± 0.05 at a concentration of 25% (w/v), confirming that
PEG-2k is indeed a penetrating polymer at these salt and polymer concentrations.
Furthermore, PEG-1k did partition into the pore lumen for all inspected
concentrations, except for 6% (w/v) PEG-1k, where GN is slightly higher than 1.
Taken together, these findings show that our data are in good accord with previously
published studies10,11. Furthermore, this outcome highlights the significance of salt
concentration effect on partitioning of PEGs into nanopores148.

Our normalized conductance test also suggested that neither PEG-4k nor PEG-8k
partitioned into the pore lumen at a polymer concentration in the range 0 - 25% (w/v).
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GN rose to ~1.4 at 25% (w/v) PEG-8k (Fig. 2.2). This value is slightly higher than
normalized conductance values previously determined at higher salt concentrations.
For example, Sergey Bezrukov and co-workers measured a GN value of ~1.1 at 15%
(w/w) PEGs of greater molecular weight ( 3 kDa) and in 1 M NaCl10. These
distinctive experimental outcomes can also be explained by a smaller relative change
in the electrolyte activity at a higher salt concentration with respect to that values
determined at a lower salt concentration. Moreover, the presence of PEGs on both
sides of the chamber increased the single-channel current noise fluctuations in the
form of short-lived and low-amplitude current blockades. These blockades most likely
resulted from very brief collisions of PEGs with the pore opening14,149. They exhibited
an average dwell time of 0.033  0.005 ms (mean  s.d.; n = 9 distinct experiments)
and a normalized current blockade (I/I0) within the range 0.5 - 0.6 (n = 9) (Appendix.
A, Fig. A3). Here, I and I0 are the amplitudes of the current blockades and open-state
unitary current, respectively. In the following sections of this article, since PEG is
considered as a neutral polymer in a low-salt concentration solution, the effect of
macromolecular crowding is reduced to the physical confinement of the free
polypeptide.

2.2.2 The Syn B2 - HL interactions under crowding conditions.
We then examined the effect of less-penetrating PEGs (PEG-4k and PEG-8k) on
the Syn B2-HL interactions. These polymers did not partition into the pore lumen for
the 0 - 25% (w/v) range of the PEG concentrations. In the absence of PEGs, the
addition of 20 µM Syn B2 to the trans side of the HL pore (Fig. 2.1) led to single-
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channel current blockades with a frequency, dwell time, and normalized current
blockade (I/I0) of 4.2  0.5 s-1, 0.30  0.04 ms, and 0.76  0.03 (mean  s.d.; n = 6),
respectively (Appendix. A, Fig. A4, Table A2). However, in the presence of 25%
(w/v) PEG-4k Syn B2-induced current blockades exhibited an average frequency,
dwell time, and normalized current blockade of ~27 s-1, 0.80  0.20 ms, and ~0.82 (n
= 8), respectively. These values were determined using a low-pass Bessel frequency
of 5 kHz. Brief PEG-induced current blockades in the low-microsecond time range
were removed for an improved signal-to-noise ratio (SNR) and further data analysis.
A low-pass Bessel filtering process of the single-channel electrical trace at a
frequency of 1 kHz, whose corresponding dead time is ~183 µs14,150, removed most
short-lived and low-amplitude PEG-4k-induced current spikes without affecting the
dwell time of the Syn B2-produced events (Appendix. A, Fig. A5). Using this
approach, we noted that the event frequency and dwell time of Syn B2-induced
current blockades were 29.3 ± 0.8 s-1 and 0.72 ± 0.10 ms (mean  s.d.; n = 5),
respectively, at a filter frequency of 1 kHz (Appendix. A, Fig. A6, Table A2).
Therefore, the short-lived PEG-induced current blockades were ignored in further data
analysis, as described in MATERIALS AND METHODS.

No statistically significant alterations in the event frequency and dwell time of the
Syn B2-induced current blockades were produced by 6% (w/v) PEG-4k with respect
to that value acquired in a PEG-free solution, as follows: 5.0  0.7 s-1 and 0.35  0.01
ms (mean  s.d.; n = 3), respectively (Fig. 2.3; Appendix. A, Table A2, Fig. A6). In
contrast, enhancement in both the event frequency and dwell time values were
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recorded at 20% (w/v) and 25% (w/v) PEG-4k. In accord with these results noted with
PEG-4k, both the event frequency and dwell time values of the Syn B2-induced
current blockades increased at elevated PEG-8k concentrations (Fig. 2.4; Appendix.
A, Table A.2, Fig. A6). These findings suggest that indeed the excluded-volume
effect of the less-penetrating PEGs is the most likely mechanism for affecting the Syn
B2-HL interactions. Specifically, at semi-dilute concentration regime the presence of
these crowding PEGs induces a depletion interaction108,109,116,124 that causes an
effective attraction force between Syn B2 and HL. This attraction force leads to a
higher probability of Syn B2-HL interactions and a longer Syn B2 capture into the
pore lumen. Our results are in excellent agreement with prior studies of Kozer and
coworkers109. They have discovered relatively faster association rate constants of
transient protein-protein interactions in polymer solutions at semi-dilute regime with
respect to kinetic data acquired in a polymer-free solution.
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Figure 2.3. Single-channel electrical recordings of the αHL protein pore in the presence
of Syn B2 and in PEG-4k-containing solutions. (A) The figure illustrates representative
single-channel electrical traces in the absence of Syn B2, but in the presence of PEG-4k of
varying concentration; (B) Representative single-channel electrical traces acquired when 20
M Syn B2 was added to the trans side and in the presence of PEG-4k of varying
concentration; (C) Representative dwell time histograms of the Syn B2-induced current
blockades obtained at each examined PEG concentration. The fittings of the dwell-time
histograms were executed using a single-exponential probability function. They were
validated by a logarithm likelihood ratio (LLR) test151,152. Single-channel electrical traces
were processed using a 1 kHz low-pass Bessel filter. The [PEG-4k] values are indicated on
the left side. PEGs were symmetrically added to both sides of the chamber. The other
experimental conditions were the same as those stated in the caption of Fig. 2.2.
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Figure 2.4. Single-channel electrical recordings of the αHL protein pore in the presence
of Syn B2 and in PEG-8k-containing solutions. (A) The figure illustrates representative
single-channel electrical traces in the absence of Syn B2, but in the presence of PEG-8k of
varying concentration; (B) Representative single-channel electrical traces acquired when 20
M Syn B2 was added to the trans side and in the presence of PEG-8k of varying
concentration; (C) Representative dwell time histograms of the Syn B2-induced current
blockades obtained at each examined PEG concentration. The fittings of the dwell-time
histograms were executed using a single-exponential probability function. They were
validated by a logarithm likelihood ratio (LLR) test. Single-channel electrical traces were
processed using a 1 kHz low-pass Bessel filter. The [PEG-8k] values are indicated on the left
side. PEGs were symmetrically added to both sides of the chamber. The other experimental
conditions were the same as those stated in the caption of Fig. 2.2.
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In the above results section, we determined that an increase in the event frequency
of the Syn B2-induced current blockades is directly related to a greater depletion –
attraction force at an elevated concentration of these less-penetrating PEGs. Here, we
compared data acquired with PEG-4k and PEG-8k at concentrations within a range of
0 - 25% (w/v) (Appendix. A, Table A2). Interestingly, at increased PEG
concentrations of 12.5, 20, and 25% (w/v), these event frequencies and dwell times
are smaller for PEG-8k than those values recorded with PEG-4k (Fig. 2.3, Fig. 2.4,
Appendix. A, Table A.2, Fig. A6). For example, the event frequency and dwell time
of the Syn B2-induced current blockades in the presence of 20% (w/v) PEG-4k were
12.5 ± 0.6 s-1 and 0.50 ± 0.04 ms (mean  s.d.; n = 4), respectively. Under the same
conditions, these values recorded in the presence of 20% (w/v) PEG-8k were 9.1 ± 1.4
s-1 and 0.37 ± 0.03 ms (mean  s.d.; n = 4), respectively. This outcome can be
explained in terms of differences in osmotic pressures exerted by PEGs of varying
molecular size. Specifically, at a given PEG concentration (in w/v), the osmotic
pressure produced by a lower-molecular weight PEG (e.g., more-penetrating PEG) is
greater than that value produced by a larger-molecular weight PEG (e.g., lesspenetrating PEG)34,87,153. For instance, at 25% (w/v) PEG concentration, the osmotic
pressures produced by PEG-2k, PEG-4k, and PEG-8k are 314, 260, and 229
mOsmol/l, respectively153. The physiological osmotic pressure is about 300
mOsmol/l154. Therefore, these interaction parameters are not only affected by high
concentrations of less-penetrating PEGs, but also by the polymers’ size.
Furthermore, these Syn B2-induced current transitions were examined in the presence
of more-penetrating PEG-2k, whose molecular weight is relatively smaller than that of
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Syn B2 (e.g., Mw (Syn B2) = 2.9 kDa; Appendix. A, Fig. A7). A [PEG-2k] range of 0
- 20% (w/v) was inspected because 25% (w/v) PEG-2k penetrated the pore lumen, as
judged by the recorded value of normalized conductance, GN (Fig. 2.2, Appendix. A,
Table A1). In this case, the event frequency and dwell time values were 8.9  1.4 s-1
and 0.40  0.03 ms at 12.5% (w/v) PEG-2k (mean  s.d.; n = 5), respectively
(Appendix. A, Table A2). On the other hand, we noted that these values were 18.9 
2.3 s-1 and 0.56  0.03 at 20% (w/v) PEG-2k (mean  s.d.; n = 3), respectively. Data
acquired for more-penetrating PEG-2k are in accord with an increase in the event
frequency and dwell time at either a higher PEG concentration of the same molecular
weight polymer or a lower-molecular weight polymer of the same PEG concentration.
It should be noted that the effects of the PEG molecular size on the event frequency
and dwell time are qualitatively distinctive when the molarity of PEGs is considered.
For example, at a concentration of ~30 mM PEG, the frequency and dwell time
produced by PEG-8k are greater than those values acquired with PEG-4k and PEG-2k
(Appendix. A, Fig. A8). In other words, at a given number density of PEG molecules,
the larger-molecular weight PEGs have a greater impact on the Syn B2-induced
current blockades than that determined by the smaller-molecular weight PEGs. This
outcome agrees well with an enhanced osmotic pressure of larger molecular-size
PEGs at a constant PEG molarity155.

Syn B2 was added to the trans side (Fig. 2.1), but it might exit through either the
trans or cis opening of the HL protein pore. It has been previously shown that the
dwell time of the polypeptide-αHL interactions exhibits a biphasic behavior with a
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maximum value reached at a critical transmembrane potential, Vc84,92. At a voltage
bias lower than Vc, most current blockades are accompanied by polypeptide exit
events toward the side of polypeptide addition (e.g., in this case the trans side). In
contrast, at a voltage bias greater than Vc, most current blockades are followed by
polypeptide exit events toward the opposite side. The frequencies of the trans and cis
exit events depend on how different is the applied transmembrane potential with
respect to Vc84. In good accord with these prior studies, we found that the dwell time
of Syn B2-induced current blockades in a PEG-free solution exhibited a biphasic
pattern with a maximum value of ~0.9 ms, corresponding to a Vc of +180 mV
(Appendix. A, Fig. A9). The high Vc value suggests a significant energetic barrier of
the positively charged Syn B2 polypeptide90,144 to traverse the slightly anion-selective
-barrel of the HL protein145,156. Therefore, at a transmembrane potential of +80 mV,
which is much lower than Vc, the polypeptide exits the pore lumen with a preferred
direction through the trans opening. However, the addition of PEGs at a high
concentration to both sides of the chamber caused an instability of the open-state
unitary current of the HL pore at a voltage bias of +100 mV (Appendix. A, Fig.
A2). This instability of the open-state unitary current precluded the acquisition of the
voltage dependence of event dwell time in the presence of PEGs at semi-dilute
regime. It should be observed that PEG induced an increased event frequency and
dwell time at a transmembrane potential of +80 mV with respect to that value
determined in a PEG-free solution (Appendix. A, Table A2). The most significant
PEG-induced modifications were noticed in the presence of 25% (w/v) PEG-4k. In
this case, the event frequency and dwell time of Syn B2-induced current blockades,
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which were acquired at +80 mV, are closely similar to those determined in a PEG-free
solution at +140 mV (Appendix. A, Table A2, Fig. A9). Again, this finding reveals
strong attraction interactions between Syn B2 and HL in the presence of lesspenetrating PEGs at semi-dilute concentration regime.

2.2.3 Partition coefficient of Syn B2 into a nanopore under crowding
conditions
We then explored the partition coefficient (Π) of the Syn B2 polypeptide into the
HL protein pore in a PEG-free solution and in the presence of the PEGs of varying
molecular size.  was calculated using the following equation14:
𝛱=

1

𝑇occupied

𝑁𝐴 𝑉barrel 𝑇total 𝐶sol

(1)

where NA and Vbarrel are Avogadro’s number and nanopore volume, respectively. For
the -barrel of the HL protein pore, Vbarrel is ~10,000 Å314,81. Toccupied indicates the
total time in which the polypeptide spends inside the pore lumen during the entire
time of recording, Ttotal. csol is the polypeptide concentration in solution. At a low
occupancy14,
𝛱=

[𝐶]∗

(2)

𝐾d

where [C]*=1/(NAVbarrel). Therefore, [C]* is ~0.17 M. Here, Kd is the equilibrium
dissociation constant:
𝐾d =

𝑘off
𝑘on

=

𝐶sol 𝜏on
𝜏off

(3)
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where kon and koff are the kinetic rate constants of association and dissociation of the
Syn B2-HL interactions, respectively. Therefore, the partition coefficient was
calculated using the following expression:
𝛱=

𝜏off
𝑁A 𝑉barrel 𝑐sol 𝜏on

(4)

Here, on and off denote the inter-event duration and dwell time of the Syn B2produced current blockades, respectively. In this case, event frequency is the
reciprocal of on.

In a PEG-free solution, the partition coefficient of Syn B2 into the HL pore at a
transmembrane potential of +80 mV was 10.5  1.9 (mean  s.d.; n = 7) (Appendix.
A, Fig. A10A, Table A3). This result agrees well with a prior determination of the
partition coefficient of an alanine-rich peptide of a closely similar length and charge84.

 is ~10 at a voltage bias of +100 mV and in 1 M KCl. A significant effect of the
electrostatic pulling force on  was noted. Thus, its calculated values at applied
transmembrane potentials of +100 and +160 mV were 26.3 ± 3.5 and 272 ± 40 (mean
 s.d.; n = 3), respectively. Moreover, we found a substantial effect of less-penetrating
PEGs on  when [PEG] was at semi-dilute regime. For example, the partition
coefficient calculated at +80 mV in a solution incubated with 25% (w/v) PEG-4k was
almost identical to that value observed at +150 mV in a PEG-free solution (Appendix.
A, Fig. A10B, Table A4). Furthermore,  was 88 ± 12 (mean  s.d.; n = 6), 52 ± 5
(mean  s.d.; n = 4), and 28 ± 5 (mean  s.d.; n = 7) in the presence of 20% (w/v)
PEG-2k, PEG-4k, and PEG-8k, respectively. Therefore, a smaller-molecular weight
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PEG produces a significant increase in the partition coefficient. The vice-versa is true
for a higher-molecular size PEG. Interestingly,  determined for 6% (w/v) PEG-8k
and 12.5% (w/v) PEG-8k was comparable with that value acquired in a PEG-free
solution.
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The kinetic rate constant, koff, is the sum of kofftrans and koffcis, which denote the rate
constants of dissociation through the trans and cis openings of the pore,
respectively90. Because most Syn B2 exit events occur across the trans opening of the
pore, kofftrans  koffcis. Fig. 2.5A illustrates the dependence of the kinetic rate constant
of association, kon, on the concentration of PEGs of varying molecular size.
Interestingly, the kon value is unaltered in the lower PEG concentration regime (e.g., 0
- 12.5% (w/v)) of less-penetrating PEG-4k and PEG-8k (Appendix. A, Table A5).
The association rate constant is given by107:
𝑘on =

𝑘D 𝑘react
𝑘D +𝑘react

(5)

Here, kD and kreact denote the kinetic rate constants under diffusion and reaction (or
transition-state) control, respectively. At dilute regime of [PEG], viscosity of the
solution reduces the translational diffusion coefficient, lowering the kD. In contrast,
the PEG-induced osmotic force increases the capture rate of Syn B2 by the HL
protein pore, enhancing the kreact109. Therefore, we judge that in the regime of low
concentrations of less-penetrating PEG-4k and PEG-8k, there are compensatory
effects of viscosity and osmotic forces. Conversely, at highly increased PEG
concentrations (at semi-dilute regime), greater than 12.5% (w/v), the depletion –
attraction forces between Syn B2 and HL exert a dominant role, amplifying the
reaction rate constant. On the other hand, the koff value is unchanged for 0 - 6% (w/v)
PEG-2k, 0 - 12.5% (w/v) PEG-4k, or 0 - 20% (w/v) PEG-8k (Fig. 2.5B). We then
determined the values of the binding free energy, G, using the values of kon and koff
(Appendix. A, Table A5) as well as eq. (3) and standard thermodynamic relationship
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between the equilibrium dissociation constant, Kd, and G (e.g., G = RT lnKd).
These values are presented in Fig. 2.5C.

A
kon
koff

[PEG] > [PEG]

B
ΔGon

ΔGoff

ΔG
trans

lumen
MWPEG > MWPEG

C
ΔGon

ΔGoff
ΔG
trans

lumen

Reaction coordinate

Figure 2.6. Free energy profile of the Syn B2-αHL interactions. (A) Cartoon showing the
two substates of the Syn B2 polypeptides, in the trans conformation (“trans”) and under
nanopore confinement (“lumen”); (B) Qualitative representation of the free energy profile at
an increased concentration of less-penetrating PEGs; (C) Qualitative representation of the
free energy profile at an increased PEG molecular size.
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2.3 CONCLUSIONS

We represented the free-energy landscape of the capture-release transitions of the
Syn B2 polypeptide from an HL protein pore. These single-molecule transitions
primarily occurred between the “trans” and “lumen” substates (Fig. 2.6A). It should
be noted that a voltage bias tilts the free-energy landscape, reducing the energetic
barrier of the polypeptide to enter the pore84. At semi-dilute regime, an increase in the
concentration of less-penetrating PEGs produces a depletion interaction116,124 that
leads to an attractive force108,109 between Syn B2 and HL. In this case, the PEG
chains entangle and capture Syn B2 into the polymer mesh. At increased PEG
concentrations, there is an entropic repulsion among polymers. Syn B2 and HL
feature depletion layers, whose thickness depends on the PEG molecular size. This
entropic repulsion among the mass centers of PEGs converts into an attraction force
between Syn B2 and HL when they get sufficiently close to each other, so that their
depletion layers overlap. This attraction force represents the molecular basis for a
higher probability of the Syn B2-HL interactions and a longer Syn B2 capture into
the pore lumen. In other words, an increased concentration of the less-penetrating
PEGs produces an elevated kon, but a reduced koff. These changes correspond to a
decrease in the activation free energy of the capture events, Gon, but an increase in
the activation free energy of the release events, Goff (Fig. 2.6B). Given these
conditions, an increase in the concentration of less-penetrating PEGs results in an
increase in the binding free energy, G. On the other hand, for a given PEG
concentration, an increase in the molecular weight of PEGs produces a slower capture
transition (e.g., a reduced kon), but a faster release transition (e.g., an amplified koff)
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(Fig. 2.6C). This results in a decrease in the binding free energy. The opposite is true
for a decrease in the molecular size of less-penetrating PEGs. This is because for a
given PEG concentration, the osmotic pressure determined by a lower-molecular
weight PEG (e.g., more-penetrating PEG) is greater than that value determined by a
higher-molecular weight PEG (e.g., less-penetrating PEG)34,87,153.

All experiments in this work were conducted in 300 mM KCl, because we wanted
to bring the salt concentration near to physiological condition. Yet, the HL protein
pore exhibits irregular, short-lived current fluctuations in 150 mM KCl157. Here, we
found that high-concentration PEGs also reduce the stability of open-state
conductance even in 300 mM KCl. These instabilities in the open-state conductance
are amplified by an elevated positive voltage bias and might likely be detrimental for
further data analysis of experiments in the presence of Syn B2 and less-penetrating
PEGs. Therefore, we used a slightly increased salt concentration with respect to
physiological condition. In this case, the intrinsic voltage-induced gating fluctuations
of the HL protein pore were absent at a physiological potential150. On the other hand,
a 1 M KCl salt concentration would substantially enhance the SNR. Under these
conditions, it is likely that other details might be unraveled, which are not otherwise
apparent at a reduced SNR that corresponds to 300 mM KCl. We speculate that a 1 M
KCl salt concentration will not qualitatively change our model. This postulation relies
upon comparisons and contrasts between the outcomes of this work and those
obtained in previously published studies at various salt concentrations10,87,148.
Specifically, the data points illustrated in Fig. 2.2, which pertain to normalized
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conductance in the presence of less-penetrating PEGs, will be shifted to lower values
at increased salt concentrations. Quantitatively, a higher salt concentration would
favor an increase in the partition coefficient due to electroosmotic flow145,156. Finally,
there is no theoretical reason to believe that the impacts of the PEG molecular size and
concentration on the Syn B2-HL interactions would qualitatively be altered under
these conditions. This is reasoned by the fact that our kinetic and equilibrium data
agree well with the changes in PEG-induced osmotic pressure.

In summary, we show that the presence of less-penetrating PEGs at increased
concentrations greater than a critical value produces significant alterations in the
kinetics and equilibrium of the interactions of a positively charged polypeptide with a
protein nanopore. Macromolecular crowding lowers the energy barrier for polypeptide
partitioning, amplifying the association rate constant. In contrast, modest changes in
the dissociation rate constant are brought about by macromolecular crowding, which
is in accord with prior studies on other protein-protein interactions107.
Correspondingly, this results in a stronger polypeptide-pore interaction that depends
on both the PEG concentration and polymer’s molecular size. Enhanced polypeptidepore interactions pertain to an increased osmotic pressure and depletion – attraction
forces that usually occur in transient protein-protein complex formations under
crowding conditions109. We think that the outcomes of this study are applicable to
other polypeptide-pore systems. The kinetic rate constants and partitioning data
specifically depend on the physicochemical features of inspected polypeptides92. In
future, this approach might be applied to other studies that involve weak-affinity
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reactants, enhancing their binding durations83,148,158 for satisfactory signal resolution
and data analysis in single-molecule detection159.

2.4 MATERIALS AND METHODS

Poly (ethylene glycols) (PEGs) of average molecular weight 2,000 Da (PEG2k), 4,000 Da (PEG-4k) and 8,000 Da (PEG-8k) were purchased from Sigma-Aldrich
(St. Louis, MO). α-hemolysin (αHL) was also obtained from Sigma-Aldrich. The
cationic 23-residue polypeptide Syn B292,144, whose sequence is the following:
MLSRQQSQRQSRQQSQRQSRYLL (Mw = 2.9 kDa), was purchased from Peptide
2.0 Inc. (Chantilly, VA). The identity and purity of Syn B2 were confirmed by the
C18 reversed-phase HPLC and MALDI-TOF mass spectrometry prior to use (Peptide
2.0 Inc.). Single-channel electrical recordings were performed as previously
described32. Both the cis and trans compartments of the chamber were filled with the
buffer solution containing 300 mM KCl, 10mM Tris, pH 7.4. In the experiments that
included PEGs, different concentrations of PEG solutions, which ranged from 6% to
25% (w/v) in the above-mentioned buffer solution, were symmetrically added to both
sides of the chamber. A lipid bilayer of 1,2-diphytanoyl-sn-glycero-3-phosphocholine
(Avanti Polar Lipids, Alabaster, AL) was formed across the 100 µm-wide aperture on
a 25 µm-thick Teflon partition (Goodfellow Corporation, Malvern, PA). The aperture
was pretreated with 5% (v/v) hexadecane (Sigma-Aldrich) dissolved in pentane
(Fisher HPLC grade, Fair Lawn, NJ). A protein sample of αHL was added to the cis
side to a final concentration of 0.03 ng/l. The cis side was grounded and a positive
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current (upward deflection) represents positive charge moving from the trans to cis
side. Upon insertion of a single channel, the polypeptide was added to the trans side
of the membrane at a final concentration of 20 µM. Single-channel electrical traces
were recorded using a patch-clamp amplifier (Axopatch 200B, Axon instrument,
Foster City, CA) in the whole-cell mode with a CV-203BU headstage. A PC desktop
was equipped with a DigiData 1440 A/D converter (Axon) for data acquisition. The
signal was low-pass Bessel filtered at a frequency of 10 kHz using an 8-pole low-pass
Bessel filter (Model 900, Frequency Devices, Ottawa, IL) and digitized at a rate of 50
kHz. To remove the current blockades created by PEG, all the electrical traces were
filtered at a frequency of 1 kHz. Data acquisition was processed using pClamp 10
(Axon). Clampfit 10.6 (Axon) and Origin 8.6 (Microcal Software, Northampton, MA)
were used for data analysis and representation, respectively. Dwell-time histograms
were fitted with a single-exponential probability function, as they were validated by a
logarithm likelihood ratio (LLR) test151,152. The association rate constant, kon, was
calculated using the equation: kon = 1/(oncsol), where on and csol are the inter-event
duration and final peptide concentration in solution, respectively. The dissociation rate
constant, koff, was derived using the equation: koff = 1/off, where off denotes the
residence time of the Syn B2 polypeptide within the pore lumen. Free energy of this
interaction, G, was calculated using the equation: G = RT ln Kd = RT ln koff /kon,
where R and T are the general gas constant and absolute temperature, respectively.
Here, Kd indicates the equilibrium dissociation constant.
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Chapter 3
Substate Dynamics of Synthetic Nanopores
With a Single Tethered Folded Domain
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3.1 Introduction
In last two decades, nanopore sensing has merged as a powerful technique for
bimolecular stochastic sensing, DNA and RNA sequencing10,12,84,89,133,134,140,141,144,160–
162,14,15,21,31,46,52,53,61

. Despite the great progress on utilizing nanopore for studying

unfolded polymers such as polyethylene glycol, DNA, unfolded proteins, and peptide,
there is no enormous advancement on nanopore sensors capable of sensing large
globular proteins. This is mainly because most of the folded proteins have a radius
larger than the nanopore opening. For example, the most widely used biological
nanopore (αHL)81 has an internal diameter of 2 nm and constriction size of 1 nm.
Larger protein nanopore such as α-helical Cytolysin A(ClyA)26,29 with a diameter of
approximately 5.5 nm and two components Pleurotolysin AB30 (PlyAB) with the
approximate trans entry of 7 nm and cis entry of 10 nm have been also exploited for
investigating the globular proteins and their interaction. However, confining a large
protein inside a nanopore to study its interaction with other analyte of interest may
decrease the accessibility of the binding domain and influence the kinetics of the
interaction53,81,161. Moreover, the protein must reside inside the nanopore for a long
enough time for it to be able to interact with its partner. To overcome this barrier, the
concept of sensing outside the nanopore attracted the attentions. This approach usually
requires chemical or genetic modifications of nanopore. Movileanu et al. attached a
PEGylated biotin to the inside of a α-Hemolysin vestibule using cysteine chemistry, in which
the Biotin on the tip could capture the streptavidin and other antibodies with various
affinities163. Fahie et al. attached the PEGylated Biotin to the rim of an OmpG nanopore19 and
showed that the sensitivity and selectivity of this sensor could be tuned by altering the length
of the PEG20,76. In 2019, Thakur et al159 showed that barnase-barstar interaction164,165
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could be sampled outside the nanopore via a genetically encoded monomeric protein
nanopore sensor. In the later design, a barnase was genetically attached to the N
terminus of t-FhuA104 via Gly-Ser tether as a receptor. Attachment of a small
polypeptide tag on the N terminus of barnase modulated the characteristic electrical
signature of barnase-t-FhuA. Binding of barstar to the barnase further changed the
electrical signature, enabling to quantify the kinetics of barnase-barstar interaction.
However, developing a sensor that is adaptable to the receptors of any size and charge
remains a challenge.
To design a universal sensor, the parameters that potentially affect the
sensitivity and reproducibility of these genetically encoded protein nanopores should
be known. The first and most important parameter to consider is the length of the
tether between the receptor and nanopore. These engineered nanopore sensors consist
of a transmembrane domain that is supposed to fold in the lipid bilayer and a watersoluble receptor domain. On one hand, both these two domains must be far enough to
have a certain degree of freedom, on the other hand they must be in a close proximity
for the sensor to be functional. Therefore, determining the length of a tether that
simultaneously serves both purposes is a priority. Additionally, in the designed
sensors, receptors are globular proteins. For a sensor to be functional, the binding site
of the receptor domain must be accessible for binding. Hence, reorienting the receptor
is not only an advantage, but also a requirement.
Here in this study, we employ extensively truncated version of Ferric
hydroxamate uptake component A (t-FhuA) 24,31,104— a transmembrane protein in the
outer membrane of E. Coli — that is shown to be stable at extreme experimental
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conditions, such as low and high salt and pH31. Cellular Rapidly Accelerated
Fibrosarcoma-RAS binding domain (CRAF1-RBD) a 77 residues ubiquitin like
protein37,166,167 was exploited as a receptor domain owing to its high free energy of
folding and asymmetric surface charge distribution37. We tested three, six and nine
residues tether to attach these two domains (Fig. 3.1., Table 3.1) and we demonstrate
that various lengths of the tether has distinctive effect on the nanopores characteristic
electrical signature, implying alteration in the nanopore conformational substate.
However, we noticed that six residue linker provides enough flexibility and sensitivity
for the sensor. Taking advantage of having the N and C termini of t-FhuA next to each
other20, we demonstrate that one is able to alter the accessible side of the receptor by
changing the attachment point from N to C terminus. We also utilized a negatively
charged polypeptide as a hint for determining the approximate orientation of the
receptor domain159.
Number
The
The
t-FhuA
of
Number of stretched
Synthetic
stretched
terminus residues
residues in length of
protein
length of
for protein in the
the
the
nanopore
the tether
fusion
tether
extension extension
(Å)
(Å)

R6F
R9F
F9R
F9R14a
F6R27a
F3R24a

N
N
C
C
C
C

6
9
9
9
6
3

21
31.5
31.5
31.5
21
10.5

N/A
N/A
N/A
14
27
24

N/A
N/A
N/A
49
94.5
84

Total number
of added
residues
(MW in kDa)

Net tethered
charge

83 (9.2)
86 (9.4)
86 (9.4)
100 (10.8)
110 (12.0)
104 (11.5)

2.8
2.8
2.8
0.8
-2.2
-1.2

a

This number on the right side of R stands for the number of residues present in the C-terminal polypeptide
extension (Appendix. B, Supporting Methods).

Table 3.1. Physicochemical properties of various synthetic protein nanopores explored in this
study. In all abbreviations, F stands for t-FhuA (Appendix. B, Supporting Methods). Here, R
represents the folded CRAF1-RBD domain fused at either the N terminus (it shows on the left side of
F) or at the C terminus (it shows on the right side of F). The number that shows on either the left side
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or right side of F indicates the presence of a flexible polypeptide tether of varying length. This tether
was fused to either the N terminus or the C terminus, respectively (Appendix. B, Supporting
Methods). Some synthetic protein nanopores, whose folded CRAF1-RBD domain was fused at the C
terminus of t-FhuA (via a linker), include a C-terminal polypeptide extension.
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Figure 3.1. Schematic of t-FhuA reconstituted in a planar lipid membrane. An
asymmetrically charged folded CRAF1-RBD domain168–170 (external plug) was covalently
fused to either the N terminus (A) or to the C terminus (B) of t-FhuA159,171 via a flexible
Gly/Ser-rich peptide tether. Fusion of the folded CRAF1-RBD domain to either the N
terminus or to the C terminus reorient the location of different charges of the external plug
with respect to the cis opening of the t-FhuA nanopore.
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3.2 Results
3.2.1 t-FhuA
In this study, all single-channel electrical recordings were acquired in a buffer
solution containing 300 mM KCl, 10 mM MgCl2, 10 mM Tris, pH 8.0, 500 µM
TCEP, unless otherwise stated. In general, the single-channel conductance of our
synthetic nanopores followed a three-peak distribution. The signature of this threepeak distribution strongly depended on the nature of the tethered folded domain. Here,
we provide evidence for the specific of plug-containing nanopores, along with their
individual dynamics of the substates. Under these conditions, the nanopore stem, tFhuA159,171 (Table 3.1; Appendix B, Supporting Methods), showed one minor peak
and two major peaks (Fig. 3.2A). Peak 1 exhibited only 15% of the total population
and was centered at 0.4 ± 0.1 nS (n=9) (Table 3.2). We noted that the most probable
cluster of single-channel conductance values was formed by Peak 2, which showed a
relative frequency of ~48% and an average conductance of 0.9 ± 0.1 nS (n=29). The
large-conductance Peak 3 presented a relative frequency of ~37% and was centered at
1.5 ± 0.1 nS (n=22). At a transmembrane potential of +40 mV, the low-conductance
Peak 1 was populated by short-lived and frequent current blockades with a dwell time,
an event frequency, and a normalized amplitude of 0.8 ± 0.2 ms, 141 ± 12 s -1, and
~0.7, respectively (n=3). This intrinsic gating of t-FhuA was symmetric with respect
to the sign of the voltage bias. For example, Peak 1 was featured by closely similar
events with a dwell time of 0.9 ± 0.2 ms, an event frequency of 135 ± 26 s -1, and a
normalized amplitude of ~0.6 at a potential of -40 mV (n = 3) (Appendix B, Table
B1, Fig. B1A-B). Here, the normalized amplitude is defined by I/I0 = (I0 − I)/I0,
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where I0 and I are the single-channel electrical currents recorded for the open substate
and closed substate of Peak 1, respectively. On the other hand, the mediumconductance Peak 2 exhibited two distinct signatures. Current blockades of substate 1,
up to ~10 pA, were noted for all t-FhuA nanopores from the Peak 2 cluster (Fig. 3.2B,
Appendix B, Fig. B1C). In addition, blockades of substate 2, up to ~20 pA, were
observed with a relative frequency ~22% of all t-FhuA nanopores from the Peak 2
cluster. Remarkably, Peak 3 was characterized by a quiet and stable single-channel
electrical signature for long periods (Fig. 3.2C). t-FhuA nanopores from the Peak 3
cluster inserted into the lipid bilayer as a single-step discrete process (Appendix B,
Fig. B1D). Moreover, we detected no transitions between the open substate of the
Peak 3 cluster and the open substate of the other peak clusters at applied
transmembrane potentials in the range of -80 to + 80 mV. As a control experiment, it
was tested whether the quiet signature of t-FhuA from the Peak 3 cluster was affected
by the presence of the tethering plug. t-FhuA nanopore from this cluster did not show
any closure upon the addition of 10 µM CRAF1-RBD to the cis side at applied
transmembrane potentials of + 40 mV and – 40 mV (Appendix B, Fig. B2).
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Figure 3.2. Single-channel electrical recording of t-FhuA. (A) Histogram of the singlechannel conductance values of various peak clusters recorded with t-FhuA. Clusters of the
low-conductance Peak 1, medium-conductance Peak 2, and large-conductance Peak 3 of tFhuA were centered at ~0.4 nS (purple), ~0.9 nS (cyan), and ~1.5 nS (red), respectively. The
applied transmembrane potential was +40 mV. (B) Representative single-channel electrical
traces of the medium-conductance Peak 2 cluster of t-FhuA at a transmembrane potential of
+40 mV (left) and -40 mV (right). (C) Representative single-channel electrical traces of the
large-conductance Peak 3 cluster of t-FhuA at a transmembrane potential of +40 mV (left)
and -40 mV (right). These electrical traces were low-pass filtered at 3 kHz using an 8-pole
Bessel filter.
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Table 3.2. Distribution of various peak clusters of the different synthetic protein
nanopores examined in this work. The displayed conductance substates were determined at
a transmembrane potential of +40 mV. The low-conductance Peak 1 cluster spanned a singlechannel conductance range of 0 – 0.6 nS. The medium-conductance Peak 2 cluster ranged
between 0.6 nS and 1.0 nS. The large-conductance Peak 3 cluster covered a single-channel
conductance range of 1.0 – 1.6 nS. The first line indicates the average single-channel
conductance of the peak cluster, G, which was provided as mean ± s.d. The second line
indicates the relative frequency, P, which is followed by independently acquired data points
from distinct experiments.
Synthetic protein
nanopore

Peak 1
G (nS)
P (%; n)
0.4 ± 0.1
(15%; n = 9)
0.4 ± 0.1
(23%; n = 8)
0.4 ± 0.1
(24%; n = 9)

Peak 2
G (nS)
P (%; n)
0.9 ± 0.1
(48%; n = 29)
0.9 ± 0.1
(46%; n = 16)
0.9 ± 0.1
(55%; n = 21)

Peak 3
G (nS)
P (%; n)
1.5 ± 0.1
(37%; n = 22)
1.3 ± 0.1
(31%; n = 11)
1.5 ± 0.2
(21%; n = 8)

Most probable
peak

F9R

0.4 ± 0.1
(42%; n = 17)

0.8 ± 0.1
(35%; n = 14)

1.5 ± 0.2
(23%; n = 9)

Peak 1

F9R14

0.4 ± 0.1
(15%; n = 5)

0.8 ± 0.1
(24%; n = 8)

1.4 ± 0.1
(64%; n = 21)

Peak 3

F6R27

N/Aa

0.8 ± 0.1
(25%; n = 8)

1.4 ± 0.1
(75%; n = 24)

Peak 3

F3R24

0.4 ± 0.1
(21%; n = 9)

0.9 ± 0.1
(33%; n = 14)

1.5 ± 0.1
(46%; n = 19)

Peak 3

C terminus

N terminus

t-FhuA

a

R6F
R9F

Peak 2
Peak 2
Peak 2

N/A stands for not applicable.

3.2.2 Tethering CRAF1-RBD to the N terminus of the t-FhuA nanopore
3.2.2.1 R6F
First, we examined a synthetic nanopore containing a CRAF1-RBD domain to the
N terminus of t-FhuA via a medium-sized Gly/Ser-rich (hexapeptide) tether, also
named R6F (Table 3.1). The distribution of peak clusters and their specific signature
was altered with respect to those of the untethered nanopore (Table 3.2, Fig. 3.3A).
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For R6F, Peak 1, with a relative frequency of ~23%, was still centered at 0.4 ± 0.1 nS
(n=8). Peak 2 reached a relative frequency of ~48%, whereas its unitary conductance
was on average 0.9 ± 0.1 nS (n=16). The large-conductance Peak 3 presented a
relative frequency of ~31% and was centered at 1.3 ± 0.1 nS (n=22), which is slightly
lower than that corresponding to the untethered nanopore. The low-conductance Peak
1 showed a single-channel electrical signature that was closely similar to that of the
Peak 1 cluster of the untethered nanopore, encompassing short-lived and frequent
current blockades with a relative amplitude of ~0.8, a dwell time of 0.8 ± 0.2 ms, and
a frequency of 144 ± 13 at a potential of +40 mV (Appendix B, Table B1, Fig. B3AB) (n = 3). Again, this signature was symmetric with respect to the sign of the voltage
bias. For instance, Peak 1 presented fast closures with a relative amplitude of 0.6 ±
0.1, a dwell time of 0.8 ± 0.2 ms, and a frequency of 136 ± 16 s -1 at a potential of -40
mV (n = 3). The medium-conductance Peak 2 of R6F showed a signature similar to
that of Peak 2 of the untethered nanopore (Fig. 3.3B). However, the relative frequency
of nanopores that exhibited Substate 2 closures rose from 22% in t-FhuA to 55% in
R6F (Appendix B, Fig. B3C). The large-conductance Peak 3 inserted into the bilayer
as a single-step process, as noted by a discrete increase in the single-channel electrical
current (Appendix B, Fig. B3D). Interestingly, the large-conductance Peak 3 of R6F
displayed current blockades with a relative amplitude of 0.24 ± 0.02, a dwell time of
0.10 ± 0.03 ms, and an event frequency of 18 ± 14 s-1 at a transmembrane potential +
40 mV (n= 4) (Fig. 3.3C). These single-channel parameters were 0.22 ± 0.01, 0.10 ±
0.06 ms, and 11 ± 5 s-1, respectively, at a potential of -40 mV (n=3) (Appendix B,
Fig. B4).
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Figure 3.3. Single-channel electrical recording of R6F. (A) Histogram of the singlechannel conductance values of various peak clusters recorded with R6F. Clusters of the lowconductance Peak 1, medium-conductance Peak 2, and large-conductance Peak 3 of R6F
were centered at ~0.4 nS (purple), ~0.9 nS (cyan), and ~1.3 nS (red), respectively. The
applied transmembrane potential was +40 mV. (B) Representative single-channel electrical
traces of the medium-conductance Peak 2 cluster of R6F at a transmembrane potential of +40
mV (left) and -40 mV (right). (C) Representative single-channel electrical traces of the largeconductance Peak 3 cluster of R6F at a transmembrane potential of +40 mV (left) and -40
mV (right). These electrical traces were low-pass filtered at 3 kHz using an 8-pole Bessel
filter.
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3.2.2.2 R9F
Next, we explored a CRAF1-RBD-containing t-FhuA nanopore that featured a 9residue Gly/Ser-rich linker (R9F, Table 3.1), which was a longer flexible tether than
that used in R6F. The extended, stretched out conformation of this linker measures
~31 Å assuming a distance of ~3.5 Å in between individual side chains. This nanopore
modification was not able to significantly change the average conductance of the
individual peak clusters (Table 3.2, Fig. 3.4A). Thus, Peak 1, Peak 2, and Peak 3
exhibited average conductance values of 0.4 ± 0.1 nS (n= 9), 0.9 ± 0.1 nS (n=21), 1.5
± 0.2 nS (n=8), respectively, making their relative frequencies of ~24%, ~55%, and
~21%, respectively. In addition, the low-conductance Peak 1 also presented a
symmetric signature with respect to the sign of voltage bias, such as brief and frequent
current blockades with a relative amplitude of ~0.7 ± 0.03., a dwell time of 0.6 ± 0.2
ms, and an event frequency of 146 ± 37 s-1 at a potential of +40 mV (n = 4), whereas
these parameters were 0.6 ± 0.06, 0.6 ± 0.2 ms, and 132 ± 52 s-1 at a potential of -40
mV (n = 4), respectively (Appendix B, Table 3.1, Fig. B5A-B). We also noted that a
longer tether reverted the signature of the Peak 2 cluster closely similar to that of Peak
2 of the untethered nanopore (Fig. 3.2B, Fig. 3.4B). For example, in the case of the
Peak 2 cluster, the relative frequency of R9F nanopores whose current blockades
reached the Substate 2 was reduced from 55% in R6F to 28% (Appendix B, Fig.
B5C). Furthermore, a longer tether of R9F has maintained a similar average of the
unitary conductance of Peak 3 with respect to the untethered nanopore. This largeconductance R9F also inserted into lipid bilayer within a single-step process, as
revealed a well-defined, discrete current change (Appendix B, Fig. B5D). Yet, the
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large-conductance R9F showed a noisy signature of the open-state current at a
potential of -40 mV (Fig. 3.4C; Appendix B, Fig. B6).
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Figure 3.4. Single-channel electrical recording of R9F. (A) Histogram of the singlechannel conductance values of various peak clusters recorded with R9F. Clusters of the lowconductance Peak 1, medium-conductance Peak 2, and large-conductance Peak 3 of R9F
were centered at ~0.4 nS (purple), ~0.9 nS (cyan), and ~1.5 nS (red), respectively. The
applied transmembrane potential was +40 mV. (B) Representative single-channel electrical
traces of the medium-conductance Peak 2 cluster of R9F at a transmembrane potential of +40
mV (left) and -40 mV (right). (C) Representative single-channel electrical traces of the largeconductance Peak 3 cluster of R9F at a transmembrane potential of +40 mV (left) and -40
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mV (right). These electrical traces were low-pass filtered at 3 kHz using an 8-pole Bessel
filter.

3.2.3 Tethering CRAF1-RBD to the C terminus of the t-FhuA nanopore
3.2.3.1 F9R
We then asked what the outcomes of these explorations are when the fusion of the
folded CRAF1-RBD domain is performed at the C terminus of the untethered t-FhuA
nanopore. First, we employed a 9-residue Gly/Ser-rich flexible tether, as in the abovedescribed example, so that these nanopores were called F9R (Table 3.1). In this case,
the low-conductance Peak 1 become the most probable cluster with a normalized
probability of ~42% and an average conductance of 0.4 ± 0.1 nS (n = 17) (Table 3.2,
Fig. 3.5A). However, the medium-conductance Peak 2, which was centered at 0.8 ±
0.1 nS (n = 14), become less frequent with respect to nanopores containing the same
folded domain fused at the N terminus (36%). The large-conductance Peak 3 exhibited
a relative frequency of ~23% and an average single-channel electrical conductance of
1.5 ± 0.2 nS (n = 9). Again, the F9R nanopores that belong to the low-conductance
Peak 1 showed a symmetrical electrical signature with respect to the polarity of the
voltage bias. For example, at a transmembrane potential of +40 mV, nanopores of the
Peak 1 cluster presented fast and frequent current blockades with a normalized
amplitude of ~0.7 ± 0.02., a dwell time of 0.4 ± 0.2 ms, and an event frequency of 157
± 61 s-1 at (n=5) (Appendix B, Table B.1, Fig. B.7A-B). These single-channel
parameters were ~0.6 ± 0.06., 0.5 ± 0.2 ms, and 143 ± 41 s-1, respectively, at a
transmembrane potential of at -40 mV (n=5). The medium-conductance F9R
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Figure 3.5. Single-channel electrical recording of F9R. (A) Histogram of the singlechannel conductance values of various peak clusters recorded with F9R. Clusters of the lowconductance Peak 1, medium-conductance Peak 2, and large-conductance Peak 3 of F9R
were centered at ~0.4 nS (purple), ~0.8 nS (cyan), and ~1.5 nS (red), respectively. The
applied transmembrane potential was +40 mV. (B) Representative single-channel electrical
traces of the medium-conductance Peak 2 cluster of F9R at a transmembrane potential of +40
mV (left) and -40 mV (right). (C) Representative single-channel electrical traces of the largeconductance Peak 3 cluster of F9R at a transmembrane potential of +40 mV (left) and -40
mV (right). These electrical traces were low-pass filtered at 3 kHz using an 8-pole Bessel
filter.
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nanopores, which belonged to the Peak 2 cluster, showed current blockades similar to
other nanopores presented above, yet those having blockades of Substate 2 were more
frequent (63%) (Appendix B, Fig. SB.7C). Interestingly, the large-conductance F9R
nanopores of the Peak 3 cluster exhibited a quiet and stable single-channel electrical
signature for long periods (Fig. 3.5C; Appendix B, Fig. B.7D).

3.2.3.2 F9R14
Next, we engineered a 14-residue polypeptide extension at the C terminus of the
folded CRAF1-RBD domain of F9R, resulting in a newly redesigned nanopore called
F9R14 (Table 3.1). This C-terminal extension is an unstructured and slightly
negatively charged polypeptide 172(Appendix B, Supporting Methods). In this case,
a total of 100 residues are tethered at the C terminus, making an overall tethered
molecular weight of 10.8 kDa and an almost neutral charge. We postulated that this Cterminal polypeptide extension reaches the tip of t-FhuA, so it interacts
nonspecifically with the highly acidic nanopore opening, resulting in a noisier singlechannel electrical signature with respect to F9R. Surprisingly, the presence of a 14residue unstructured extension on the F9R nanopore produced a drastic alteration in
the distribution of Peak clusters. First, Peak 1, Peak 2, and Peak 3 were centered at
average conductance values closely similar to those of the other synthetic nanopores
(Table 3.2). However, F9R14 nanopores of the large-conductance Peak 3 became the
most probable with a relative frequency of ~64% (Fig. 3.6A), where those of the lowconductance Peak 1 and medium-conductance Peak 2 only showed values of 15% and
24%, respectively. F9R14 nanopores of the Peak 1 cluster exhibited signatures almost
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identical to the other synthetic nanopores (Appendix B, Table B.1, Fig. B.8A-B).
Remarkably, those F9R14 nanopores of the Peak 2 and Peak 3 clusters revealed quiet
and stable single-channel electrical signatures for long periods (Fig. 3.6B-C;
Appendix B, Fig. B8C). The quiet signature of the medium- and large-conductance
F9R14 nanopores indicated that the 14-residue extension does not create the expected
noisier electrical signature. We hypothesized that two possibilities would have created
this outcome. Either the polypeptide extension was pointed away from the nanopore
opening or its potential electrostatic interactions with the opening charges were
screening by the salt presence within the chamber. To rule out the latter mechanism of
signal quieting, we conducted experiments in a buffer solution containing 150 mM
KCl. Under this condition of lower-salt concentration, a single peak cluster of F9R14
nanopores was noted with an average single-channel conductance of ~0.8 nS (n=16)
(Appendix B, Fig. B9). This conductance value corresponds to that of the Peak 3
cluster acquired in a buffer solution containing 300 mM KCl (Table 3.2). Moreover,
F9R14 nanopores showed a quiet and stable single-channel electrical signature for
long periods. This finding suggests that the 14-residue polypeptide extension was
pointed away from the nanopore opening under both conditions of salt concentration.
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Figure 3.6. Single-channel electrical recording of F9R14. (A) Histogram of the singlechannel conductance values of various peak clusters recorded with F9R14. Clusters of the
low-conductance Peak 1, medium-conductance Peak 2, and large-conductance Peak 3 of
F9R14 were centered at ~0.4 nS (purple), ~0.8 nS (cyan), and ~1.4 nS (red), respectively.
The applied transmembrane potential was +40 mV. (B) Representative single-channel
electrical traces of the medium-conductance Peak 2 cluster of F9R14 at a transmembrane
potential of +40 mV (left) and -40 mV (right). (C) Representative single-channel electrical
traces of the large-conductance Peak 3 cluster of F9R14 at a transmembrane potential of +40
mV (left) and -40 mV (right). These electrical traces were low-pass filtered at 3 kHz using an
8-pole Bessel filter.

61

3.2.3.3 F6R27
In light of results acquired with F9R and F9R14 nanopores, we decided to employ
a shorter 6-residue Gly/Ser-rich flexible tether, which restrained the moieties of the
CRAF1-RBD closer to the cis opening. In addition, we expanded the C-terminal
extension to a 27-residue length, making a nanopore with 110-residue tether (~12
kDa) and an overall negative charge (~ -2), also called F6R27 (Table 3.1; Appendix
B, Supporting Methods). Surprisingly, F6R27 showed only two major peak clusters.
Peak 2 exhibited an average conductance of 0.8 ± 0.1 nS (n=8) and a relative
frequency of ~17% (Table 3.2, Fig. 3.7). The large-conductance Peak 3, with a
relative frequency of ~75%, was centered at 1.4 ± 0.1 nS (n=24). Single-channel
electrical signature of Peak 3 resembled the signature of other synthetic nanopores
with quiet signature (Fig. 3.7B; Appendix B, Fig. B10), indicating that the 27-residue
polypeptide extension was also pointed away from the cis opening of F6R27. Because
of the F6R27 nanopore featured a medium-sized tethered and a fairly long C-terminal
polypeptide extension, we hypothesized that a strong interaction of the CRAF1-RBD
with a binding protein ligand might change its orientation with respect to the nanopore
opening. Q61L-HRAS is an oncogenic mutant of the small GTPase HRAS that
exhibits a binding interaction with its protein effector CRAF1-RBD168–170. We found
that the addition of 400 nM Q61L-HRAS to the cis side of the chamber created shortlived and frequent current blockades at an applied transmembrane potential of -40 mV
(Appendix B, Fig. B11A). Q61-HRAS to the cis side did not produce any change in
the quiet signatures of the Peak 3 clusters of F9R14 (Appendix B, Fig. B11B), as well
as R9F and t-FhuA (Appendix B, Fig. B11C).
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Figure 3.7. Single-channel electrical recording of F6R27. (A) Histogram of the singlechannel conductance values of various peak clusters recorded with F6R27. Clusters of the
medium-conductance Peak 2 and large-conductance Peak 3 of F6R27 were centered at ~0.8
nS (cyan), and ~1.4 nS (red), respectively. The applied transmembrane potential was +40
mV. (B) Representative single-channel electrical traces of the large-conductance Peak 3
cluster of F6R27 at a transmembrane potential of +40 mV (left) and -40 mV (right). These
electrical traces were low-pass filtered at 3 kHz using an 8-pole Bessel filter.
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3.2.3.4 F3R24
Finally, we inquired how a further reduction in the length of the peptide tether
affects the distribution and signature of nanopores of different peak clusters.
Specifically, we redesigned a synthetic protein nanopore with a short 3-residue tether
and a long 27-residue polypeptide extension at the C terminus of the folded CRAF1RBD binding domain (Appendix B, Supporting Methods), also called F3R24. Thus,
we observed again a three-peak distribution of the F3R24 nanopores with singlechannel conductance values closely similar to those of t-FhuA (Table 3.2, Fig. 3.8A),
yet in this case nanopores of the Peak 3 cluster were the most probable, with a relative
frequency of ~46%. Furthermore, Peak 1 and Peak 2 showed signature that was
similar to other pores (Appendix B, Fig. B12A-C; Fig. 3.8B). Peak 3, with an
average conductance of 1.5 ± 0.1 nS (n=19), also remained quiet for long periods
(Fig. 3.8C; Appendix B, Fig. B12D).
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Figure 3.8. Single-channel electrical recording of F3R24. (A) Histogram of the singlechannel conductance values of various peak clusters recorded with F3R24. Clusters of the
low-conductance Peak 1, medium-conductance Peak 2, and large-conductance Peak 3 of
F3R24 were centered at ~0.4 nS (purple), ~0.9 nS (cyan), and ~1.5 nS (red), respectively.
The applied transmembrane potential was +40 mV. (B) Representative single-channel
electrical traces of the medium-conductance Peak 2 cluster of F3R24 at a transmembrane
potential of +40 mV (left) and -40 mV (right). (C) Representative single-channel electrical
traces of the large-conductance Peak 3 cluster of F3R24 at a transmembrane potential of +40
mV (left) and -40 mV (right). These electrical traces were low-pass filtered at 3 kHz using an
8-pole Bessel filter.
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3.3 Discussion
To understand the effect of tunable structural design on the recently developed
protein nanopore sensor for detecting protein-protein interaction at single-molecule
resolution, we have genetically engineered a highly stable asymmetrically-charged
folded CRAF1-RBD37 to the N or C terminus of a monomeric beta-barrel
transmembrane protein t-FhuA31 via various lengths of tether. Our results propose two
classes of modifications to the conformational substates of t-FhuA revealed by singlechannel recording. One corresponds to the impact on the probability of occurrence of
each conformational substates, and the other corresponds to the impact on the
dynamics of each substate.
Crystal structure of wt-FhuA suggests that a slightly negatively charged N
terminal 160 residue cork domain resides inside a 22 beta-stranded FhuA scaffold
with the cross-sectional diameter of 24×35 Å on the periplasmic side. This
measurement corresponds to the conductance of ~ 9 nS. However, it was
demonstrated previously that t-FhuA forms a stable pore in the lipid bilayer at the
wide range of experimental condition with two major conformational states with the
conductance of ~2.5 nS and 4 nS at 1 M KCl32. Here, we present experimental
evidence that at lower salt concentration, we can identify an extra minor
conformational substate in addition to two major ones. It was previously demonstrated
that attaching a biotinylated PEG2, and not PEG11 or PEG45, to the loop 6 of OmpG,
which is considered responsible for OmpG gating173 activity, makes this design
sensitive to streptavidin binding. On the other hand, all these designs were sensitive to
Avidin binding20. This suggests that features of an interacting partner plays an
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important role in altering pore behavior20,21,32,97,159,174,175 as well as the size of the
linker20.
Even though CRAF1-RBD is a positively charged protein, nearly half a size of
the cork domain, it does not introduce any changes to the characteristic electrical
signature of the most open conformational substate of t-FhuA at the applied
transmembrane potentials of + 40 mV and - 40 mV (Appendix B, Fig. B2), meaning
that it is excluded by the nanopore. Attaching such a non-partitioning protein to N
terminus of t-FhuA did not majorly affect the dynamics of t-FhuA, except adding a
fast and frequent event which we postulate it is due to the interaction of the oppositely
charged residues on CRAF1-RBD and t-FhuA β turns (Fig. 3.9). While the C terminus
attachment produced a pore with an amplified gating activity, the presumed
interaction between two domains disappeared. However, attaching a negatively
charged polypeptide extension provided a stabilizing effect on the largest
conformational state of the nanopore. The polypeptide extension is believed to be long
enough to span the distance between the C terminus of CRAF1-RBD and the farthest
point on the pore opening (Fig. 3.10). Thus, the stabilizing affect can be due to a
permanent interaction between the polypeptide and pore.
In conclusion, we show that attaching a folded domain on either terminus of tFhuA via a 6-residues linker has a minimal effect on the structure and dynamics of the
nanopore and leave the receptor in the sensing region. Moreover, we demonstrated
that orienting the receptor in respect to the nanopore is a possible task. This is a
necessity in designing a protein biosensor to have the binding site of the receptor
always accessible for binding to ligand.
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Figure 3.9. Cartoon representation of R6F. CRAF1-RBD was fused to the N terminus of tFhuA via a Ser/Gly-rich hexapeptide. Positively charged residues and negatively charged
residues are shown in blue and red, respectively. Positive residues of the folded CRAF1-RBD
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domain are exposed to negatively charged residues located on the  turns T1 through T4 of t-
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Figure 3.10. Cartoon showing CRAF1-RBD attached to the C terminus of t-FhuA via a
peptide tether of varying length. The maximum length of a three-residue peptide tether
measures ~10 Å, whereas that corresponding length of a nine-residue peptide tether extends
to ~30 Å in a stretched-out conformation. Therefore, attaching CRAF1-RBD to the C
terminus of t-FhuA assumes that the distances of the C terminus of the folded domain to the
pore opening are 50 and 60 Å for a short tether and a long tether, respectively.

3.4 Materials and Methods
3.4.1 Cloning, expression, and purification of t-FhuA-based nanopores.
The HRAS binding domain of CRAF1, also named CRAF1-RBD, was fused to tFhuA via a Gly/Ser-rich hexapeptide tether ((GGS)2). CRAF1-RBD was amplified
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from pQE32 RAF-DHFR37,176 (kindly provided by S.W. Michnik) using the following
PCR primer pair:
5-CTTTA AGAAG GAGAT ATACA AATGA GCAAC ACTAT CCGTG TTTTC3 (forward) and
5-GGCTG CCGCC GCTGC CGCCG AAATC TACTT GAAGT TCTTC TCC-3
(reverse).
The PCR product was purified on agarose gel and inserted at the N-terminus of
(GGS)2-t-FhuA in pPR-IBA1 by a Restriction Free cloning procedure177. All the
sequence was verified by DNA sequencing (Appendix B, Supporting Methods).
R9F, F9R and F9R14 were synthesized by Genscript (Piscataway, NJ). F6R27 and
F3R24 were synthesized by ABclonal (Woburn, MA). The gene sequences were
further confirmed by the DNA sequencing service of GenScript Biotech (Piscataway,
NJ). All genes were subcloned in the pPR-IBA1 expression vector (IBA, Goettingen,
Germany). They were transformed into E. coli BL21(DE3) (New England Biolabs,
Ipswich, MA) for protein expression. Transformed cells were grown in LB medium at
37°C until OD600 reached a value of ~0.4.

Protein expression was induced by 0.5 mM isopropyl -D-1-thiogalctopyranoside
(IPTG) (Gold Biotechnology®, Inc, St Louis, MO) at 37°C. After induction, cells
were grown for an additional period of 4-5 hours at 37°C, just until the cell growth
reached the plateau saturation. Then, cells were harvested by centrifugation at
3,700×g for 30 min at 4°C. This centrifugation step was followed by cell resuspension
in 10 ml of 500 mM KCl, 5 mM EDTA, 50 mM Tris, pH 8, 20 mM β-
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mercaptoethanol (βME) per each gram of cells. Cell lysis was conducted using a
model 110L microfluidizer (Microfluidics, Newton, MA) for ~20 times. Cell lysates
were centrifuged at 25,000×g for 45 min at 4°C to separate the pellet from
supernatant. Since all synthetic protein nanopores were expressed as inclusion bodies,
the pellets were further washed with 300 mM KCl, 5 mM EDTA, 50 mM Tris-HCl,
20 mM βME, pH 8.0. This was followed by one wash in 300 mM KCl, 5 mM EDTA,
50 mM Tris-HCl, 20 mM βME, 1% (v/v) Triton-X, pH 8.0, two washes in 1 M urea,
50 mM Tris-HCl, 20 mM βME, pH 8.0, one wash in 2 M urea, 50 mM Tris-HCl, 20
mM βME, pH 8.0, and two final washes in 50 mM Tris-HCl, 5 mM TCEP, pH 8.0.
Resuspended pellet was homogenized by a Dounce homogenizer at 4°C for 30 min,
then centrifuged at 25,000×g for 45 min at 4°C. The final pellet was solubilized in 8
M urea, 50 mM Tris-HCl, 5 mM TCEP, pH 8.0, for at least 12 hours before its loading
on an ion-exchange column. Solubilized pellet was spun down at 25,000×g for 30 min
at 20°C, then passed through a 0.2 µm filter (Corning, Glendale, AZ) to remove
insoluble impurities.

Protein sample was loaded on an ion-exchange column, Model Bio-scale MT20
(Bio-Rad, Hercules, CA), which was packed with UNOsphere Q Resin (Bio-Rad), and
equilibrated with 8 M urea, 50 mM Tris-HCl, 5 mM TCEP, pH 8.0. Protein was eluted
by 200 ml of KCl gradient from 0 to 500 mM. All the protein samples were eluted
around 120-140 mM KCl. Fractions were run on the SDS-PAGE for protein detection
and purity analysis. Fractions containing the pure sample were pooled out and
dialyzed against ddH2O (MilliporeSigma, Burlington, MA). Dialyzed samples were
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lyophilized using a model Freezone 2.5L Labcono freeze dryer (Labcono, Kansas
City, MO) for long time storage at -20°C.

3.4.2 CRAF1-RBD.
Tether and t-FhuA were deleted from R6F plasmid by PCR using a Q5 site-directed
mutagenesis kit (New England Biolabs) with forward primer
5-TAAAGCGCTTGGAGCCACCCGCAGTTCGAA-3 and reverse primer
5-GAAATCTACTTGAAGTTCTTCTCCAATCAAAGACGC-3. Sequences were
further confirmed by the DNA sequencing service of Genscript Biotech. CRAF1-RBD
in pPR-IBA1 vector was transformed into E. coli BL21(DE3) cells. Transformed cells
were grown in LB medium at 37°C until OD600 reached a value of ~ 0.4. Temperature
was brought down to 20°C for 30 min. Protein expression was induced by 0.5 mM of
IPTG (Gold Biotechnology®) at 20°C for at least 16 hours. Then, cells were
centrifuged at 3,700×g for 30 min at 4°C. Pellet were resuspended in 10 ml of 300
mM KCl, 50 mM Tris-HCl, 20 mM βME, pH 8.0 per each gram of cells. Cell lysis
was conducted using a Model 110L Microfluidizer (Microfluidics, Newton, MA) for
20 times. Cell lysate were centrifuged at 25,000×g for 45 min at4°C to separate the
pellet from supernatant. Supernatant was furthered processed using 10% (w/v) of
ammonium sulfate precipitation at 4°C, which was followed by 40% (w/v) of
ammonium sulfate precipitation. Protein sample was dialyzed against 50 mM TrisHCl, 1 mM TCEP, pH 7.0 for running on an ion-exchange chromatography column
(UNOsphere Q, Bio-Rad, Hercules, CA). Proteins samples were eluted by a linear
gradient of 0 to 500 mM KCl. Protein samples were concentrated using a 3 kDa-cut
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off concentrator (Pierce protein concentrator-PES, Thermo Fisher Scientific,
Waltham, MA). Proteins were purified on the HiLoad 16/600 Superdex 75 pg sizeexclusion chromatography (GE Healthcare, Chicago, IL) in 50 mM Tris-HCl, 1 mM
TCEP, pH 8.0. Protein fractions were further concentrated and stored at -80°C.

3.4.3 Q61L HRAS.
HRAS plasmid in PET41b vector was obtained from GenScript Biotech. Single-point
mutation on residue Q61L was made using a Q5 site-directed mutagenesis kit (New
England Biolabs) as well as the following PCR primers: 5ACAGCTGGTCTAGAAGAATATTCT -3 (forward) and 5ATCCAAGATATCCAACAAACAA -3 (reverse). The mutant sequence was
confirmed by the sequencing service of GenScript Biotech. Expression of the Q61L
HRAS and cell lysis were conducted in a manner closely similar to that used for
CRAF1-RBD, except that the lysis buffer included 10 mM MgCl2. After the
centrifugation of the cell lysates, the supernatant was run on a polyhistidine-tag
affinity Bio-Scale Mini Profinity IMAC Cartridges (BioRad). Then, the eluted protein
was run on a HiLoad 16/600 Superdex 75 pg size-exclusion chromatography (GE
Healthcare, Chicago, IL) for further purification and buffer replacement. Protein
sample, resuspended in 100 mM KCl, 30 mM Tris-HCl, 10 mM MgCl2, pH 8, was
concentrated for its reaction with a non-hydrolysable GTP reagent, GppNHp (Abcam,
Cambridge, UK). Final protein sample was dialyzed against ddH2O and lyophilized
for storage at -20°C.
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3.4.4 Exchange assay.
To load the Q61L HRAS with GppNHp, lyophilized sample was resuspended in
buffer containing 50 mM KCl, 30 mM Tris-HCl, 1 mM EDTA, pH8.0. 50 U calf
intestinal alkaline phosphatases were added per 10 mg of proteins. Subsequently,
GppNHp was added at the concentration 10 times higher than the concentration of the
protein. The sample was incubated at 37°C for 1 hour. To stabilize the binding of
GppNHp to protein, 20 mM of MgCl2 was added to the sample. Afterward, buffer was
exchanged with 50 mM KCl, 20 mM Mg Cl2, 20 mM Tris-HCl, 5 mM DTT, pH 8.0.
Protein samples were quantified using a reducing agent-compatible Pierce®
Microplate BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA).

3.4.5 Protein refolding.
Lyophilized samples were solubilized in 8 M urea, 200 mM KCl, 50 mM Tris-HCl, 5
mM TCEP, pH 8.0 for at least 4 hours at room temperature. Samples were quantified
by the UV absorbance at a wavelength of 280 nm using a microplate reader
SpectraMax I3 (Molecular Devices, LLC., San Jose, CA). 1.5% (w/v) n-dodecyl-β-Dmaltopyranoside (DDM) (Anatrace, Maumee, OH) was added to the denatured protein
samples at a concentration in the range of 20-30 µM. Protein samples were then let to
refold through a slow-dialysis process against 200 mM KCl, 50 mM Tris-HCl, 1 mM
TCEP, pH 8.0 over a 5-day duration.
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3.4.6 Single-channel electrical recordings with planar lipid bilayers.
Single-channel electrical recordings were performed, as previously described36,152.
The cis and trans compartments were separated by a 25 µm-thick Teflon film
(Goodfellow Corporation, Malvern, PA), which contained a 100 µm-diameter orifice.
This aperture was treated with 10% (v/v) hexadecane (Sigma-Aldrich, St. Louis, MO)
dissolved in pentane (Sigma-Aldrich). 10 µl of 10 mg/ml 1,2-diphytanoyl-sn-glycerophosphocholine (Avanti Polar Lipids, Alabaster, AL) was added to from bilayer
across the aperture. The cis and trans compartments were filled with 1.5 ml of 300
mM KCl, 10 mM MgCl2, 10 mM Tris, pH 8, 0.5 mM TCEP (or DTT), unless
otherwise stated. Protein sample was added to the cis chamber up to the final
concentration of 1-2 ng/µl. The cis compartment was grounded. Pulses of + 220-260
mV for durations of less than 10 s were applied to facilitate protein insertion. Singlechannel electrical traces were acquired using a patch-clamp amplifier (Model
Axopatch 200B, Axon Instruments, Foster City, CA) in the whole-cell mode ( = 1)
with a CV-203BU headstage. Electrical traces were digitized by Digidata 1440 A/D
convertor (Axon Instruments). The signal was low-pass filtered using an 8-pole Bessel
filter (Model 900, Frequency Devices, Haverhill, MA) at a frequency of 10 kHz and
sampled at a rate of 50 kHz. Single-channel electrical traces were later analyzed using
pClamp 10.7 (Axon Instruments) and Origin v9.65 (2019b) (OriginLab Corporation,
Northampton, MA). All measurements were performed at room temperature (23 
0.5C).
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Chapter 4
Concluding remarks
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4.1 Introduction
In light of the great progress in the last three decades for using nanopore to
study DNA, RNA and other polymers, efforts are underway for developing a
nanopore sensor to investigate globular proteins dynamics, structure and their
interactions. However, this has not been an easy task mostly because of the nonuniform shape of the proteins, their complex surface charge distribution and large
hydrodynamic radius178–180 . De novo designing a large biological nanopore178,181 that
a folded protein can fit in, along with designing a nanopore sensor that could sample a
folded protein externally19,86,159,163,182,183 have proven promising. Despite this, in both
cases, the parameters that can influence the resolution and outcome of the experiments
are yet to be investigated and revealed. For example, for internal sensing, the cross
section of the nanopore must be larger than a protein being trapped to let the protein in
and retain its rotational degree of freedom, but small enough to remain sensitive.
Moreover, the way nano-confinement can affect the structure and dynamics of these
large complexes is hardly known. In an external sensing, the sensitivity and resolution
of a nanopore depends on the distance of the sensed object from the sensor. A short
linker may impose a restriction on accessibility of the receptor domain and a long
distance may cost the sensitivity20. Additionally, if the sensor is to sample a molecule
in real biological fluid, we need to know how the compact environment of the cell
should be taken to account 171.
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4.2 Future possibilities
The aim of this project was to investigate the external and structural parameters
that can potentially influence the sensitivity and reproducibility of the protein
nanopore based sensor. We have demonstrated that the presence of PEG above certain
concentration as a crowding agent —external parameter—in the system, increases the
association rate constant and decreases the dissociation rate constant of the interaction
between a peptide and protein nanopore. Hence, it can be used as a new approach to
enhance the translocation time of the fast translocating molecules such as DNA
through a nanopore. Slowing down such a molecule in a nanopore improves the
resolution of the electrical read out and helps studying the dynamics of an interaction
or translocation process. Furthermore, this can help sampling molecules with a low
affinity which are difficult to detect, since presence of the crowding agent can
intensify the affinity of the low binding affinity molecules.
In chapter 3, we showed that engineering a folded protein domain via a tether
of varying size to either the N terminus or C terminus of a transmembrane protein will
distinctively affect the sensitivity and reproducibility of the protein nanopore sensor.
Moreover, to develop a high throughput platform to sample a diversely sized and
charged proteins and wide range of affinities, sensors must be highly reproducible.
Here, we found the optimized length of the tether that does not affect the stability and
sensitivity of the nanopore. Such a configuration will provide the receptor and the
nanopore with enough flexibility to fold and function properly. Additionally, we
demonstrated that the receptor’s reorientation to have the binding site exposed to the
solution is possible. Taking advantage of these possibilities, one can further

78

investigate the amino acid sequence of the polypeptide extension for achieving a
stronger affinity between pore and the polypeptide extension. Alternatively, one can
chemically modify a specific site on t-FhuA rim and the end of a polypeptide tail to
permanently bring the receptor domain into the sensing region (Fig. 4.1). This will
increase the sensitivity of the sensor for quantifying the kinetics of the receptor-ligand
binding interaction.
High affinity tail

A
A

Lipid
bilayer

t-FhuA

t-FhuA

Lipid
bilayer

Chemical modification

B
A

Lipid
bilayer

t-FhuA

t-FhuA

Lipid
bilayer

Figure 4.1. Schematic representation of the new design for externally sampling
large proteins. A. Attaching a polypeptide tail with specific strong binding affinity to the
nanopore interior. B. Chemical modification on specific site on pore and the end of
polypeptide tail to bend down the receptor permanently towards sensing region.

The ability to detect a peptide-protein or protein-protein interaction near a
surface in the solution and not in the confined region of a nanopore, can be beneficial
for studying a protein-protein interaction that normally happens on the cell membrane.
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Our result from chapter 2, emphasizes on the role of the crowding on the cellular
uptake through protein channels. Hence, it will be reasonable to think that packed
cellular environment potentially affects the rates of interactions on cell membrane. In
order to inspect, sensors for sampling such an interaction could be tested in the
presence of crowding agents.
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Appendix A
1. αHL exhibits a quiet single-channel electrical current in a PEG-free solution

Figure A1: αHL shows a quiet single-channel electrical current recorded at a
transmembrane potential of +80 mV. The buffer solution included 300 mM KCl, 10 mM
Tris-HCl, pH 7.4. The single-channel electrical trace was low-pass Bessel filtered at a
frequency of 1 kHz.
2. HL closes at increased transmembrane potentials in the presence of lesspenetrating PEGs

Figure A2: αHL closes at an applied transmembrane potential of +100 mV. (A)
Representative single-channel electrical recording of αHL in 300 mM KCl,10 mM Tris, pH
7.4, containing 12.5% PEG-8k; (B) Representative single-channel recordings of αHL under
the same conditions, but containing 25% PEG-4k. Single-channel electrical traces were lowpass Bessel filtered at 1 kHz. PEGs were symmetrically added to both sides of the chamber.
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3. Dependence of the normalized unitary conductance on the PEG molecular weight and
PEG concentration
Table A1: Dependence of the normalized unitary conductance, GN, on the molecular
weight and concentration of PEG. All data represent mean  s.d. over an “n” number of
independent experiments. PEGs were symmetrically added to both sides of the chamber. The
other experimental conditions were the same as those stated in the caption of Fig. A1.

PEG

[PEG]
(%)

Normalized
conductance,
GN

No PEG

0 (n = 7)

1.00 ± 0.05

PEG-1k

6 (n = 10)

1.04 ± 0.02

12.5 (n = 6)

0.90 ± 0.03

20 (n = 5)

0.70 ± 0.08

25 (n =12)

0.57 ± 0.04

6 (n = 7)

1.11 ± 0.07

12.5 (n = 5)

1.23 ± 0.03

20 (n = 3)

1.21 ± 0.05

25 (n = 4)

0.88 ± 0.05

6 (n = 3)

1.13 ± 0.01

12.5 (n = 4)

1.27 ± 0.04

20 (n = 4)

1.40 ± 0.05

25 (n = 8)

1.35 ± 0.03

6 (n = 5)

1.20 ± 0.06

12.5 (n = 4)

1.29 ± 0.02

20 (n = 7)

1.30 ± 0.02

25 (n = 4)

1.39 ± 0.04

PEG-2k

PEG-4k

PEG-8k
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Figure A3: Single-channel electrical recordings of αHL in the presence of symmetrical
25% PEG-4k at a transmembrane potential of +80 mV. (A) A representative single-channel
electrical trace that was low-pass Bessel filtered at a frequency of 5 kHz; (B) A representative singlechannel electrical trace that was low-pass Bessel filtered at a frequency of 1 kHz. PEGs were

symmetrically added to both sides of the chamber. The other experimental conditions were
the same as those stated in the caption of Fig. A1.
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4. 1 kHz low-pass Bessel filter eliminates the very brief current blockades produced by
less-penetrating PEGs

Figure A4: Single-channel electrical recordings of αHL in the presence of 20 µM of
Syn B2 added to the trans side. (A) Single-channel electrical trace that was low-pass Bessel
filtered at 5 kHz; (B) Single-channel electrical trace that was low-pass Bessel filtered at 1
kHz. The bottom panels indicate the corresponding dwell time histograms of the traces
illustrated in the upper panels. All single-channel electrical traces were recorded at a
transmembrane potential of +80 mV, and in 300 mM KCl, 10 mM TrisHCl, pH 7.4.
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Figure A5: Single-channel electrical trace of αHL in the presence of PEG-4k and
Syn B2. (A) Representative recording in the presence of 25% PEG-4k and 20 µM Syn B2
added to the trans side; (B) Expanded trace from A, which was low-pass Bessel filtered at 5
kHz. off was deducted from the single-exponential fit (0.8  0.2 ms). The inset shows the
dependence of the normalized current blockade, I/I0, on the event dwell time. Here, I and I0
are the amplitudes of the current blockades and open-state unitary current, respectively. PEG4k-induced current blockades were presented with blue line, whereas Syn B2-induced current
blockades were illustrated with red line; (C) Single-channel electrical trace in A, which was
low-pass Bessel filtered at 1 kHz. off was deducted from the single-exponential fit (0.72 
0.1 ms). PEG-4k-induced current blockades are not present within the scatter plot. PEGs
were symmetrically added to both sides of the chamber. The other experimental conditions
were the same as those stated in the caption of Fig. A1.

85

5. Less-penetrating PEGs affect the Syn B2-αHL interactions

Table A2: Dependence of the event frequency and dwell time values of the Syn B2induced current blockades on the molecular weight and concentration of PEG. All data
represent mean  s.d. over an “n” number of independent experiments. PEGs were
symmetrically added to both sides of the chamber. The other experimental conditions were
the same as those stated in the caption of Fig. A.1.

PEG

[PEG]
(%)

Event
frequency
(s-1)

Dwell time
(ms)

No PEG

0 (n=7)

4.2 ± 0.5

0.30 ± 0.04

PEG-1k
PEG-2k

6 (n=10)
6 (n=3)

4.2 ± 1.8

0.50 ± 0.07

4.1 ± 1.8

0.37 ± 0.04

12.5 (n=5)

8.9 ± 1.4

0.40 ± 0.03

20 (n=6)

18.9 ± 2.3

0.56 ± 0.03

6 (n=3)

5.0 ± 0.7

0.35 ± 0.01

12.5 (n=4)

5.7± 0.8

0.40 ± 0.02

20 (n=4)

12.5 ± 0.6

0.50 ± 0.04

25 (n=5)

29.3 ± 0.8

0.72 ± 0.10

6 (n=5)

3.9 ± 0.4

0.33 ± 0.02

12.5 (n=4)

3.7 ± 0.3

0.35 ± 0.03

20 (n=7)

9.1 ± 1.4

0.37 ± 0.03

25 (n=4)

13.0 ± 3.1

0.55 ± 0.04

PEG-4k

PEG-8k
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Figure A6: Event frequency and dwell time of the Syn B2 - αHL interactions. (A)
Event frequency of Syn B2 - αHL interactions depends on the PEG concentration. Data
points are acquired for PEG-2k (black squares), PEG-4k (red circles), and PEG-8k (blue
triangles); (B) Dwell time of the Syn B2 - αHL interactions depends on the PEG
concentration. Data points are collected for PEG-2k (black squares), PEG-4k (red circles),
and PEG-8k (blue triangles). PEGs were symmetrically added to both sides of the chamber.
The other experimental conditions were the same as those stated in the caption of Fig. A1.
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Figure A7: Single-channel electrical recordings of αHL in the presence of Syn B2
and PEG-2k. (A) Single-channel electrical recordings of αHL in the presence of high
concentrations of PEG-2k; 6% (top trace), 12.5% (middle trace) and 20% (bottom trace); (B)
Single-channel electrical recording of (A) when 20 M Syn B2 was added to the trans side;
(C) Panels indicate the dwell time histograms related to each experimental condition. Singlechannel electrical traces are representative over at least three independent experiments. PEGs
were symmetrically added to both sides of the chamber. The other experimental conditions
were the same as those stated in the caption of Fig. A1.
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Figure A8: Dependence of the Syn B2 - HL interactions on the concentration of
less-penetrating PEGs. Data points located within the same ellipse show either the event
frequency or dwell time of these interactions when PEG has the same molarity (e.g., given
concentration in millimolar). For a given molarity, it should be noticed that those PEGs with
a greater molecular size have a stronger effect on both the event frequency and dwell time.
PEGs were symmetrically added to both sides of the chamber.
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6. The Syn B2 - αHL interactions depend on the applied transmembrane potential
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Figure A9: Voltage dependence of the Syn B2 - αHL interactions in a PEG-free
solution.
(A) Voltage dependence of the event frequency; (B) Voltage dependence of the event dwell
time. The latter has a biphasic behavior, indicating that above a transmembrane potential, Vc,
of +180 mV Syn B2 preferentially traverses the pore toward the cis side. Data point represent
mean  s.d. over at least 3 independent experiment.
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7. Dependence of the partition coefficient of the Syn B2 polypeptide into the αHL
protein pore on the PEG concentration and PEG molecular size
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Figure A10: Partition coefficient of the Syn B2 polypeptide into a single HL
protein pore in the presence of less-penetrating PEGs. (A) Partition coefficient, , in a
PEG-free solution, depends on the applied transmembrane potential; (B) Partition coefficient,
, depends on the presence of high concentrations of less-penetrating PEGs. PEGs were
symmetrically added to both sides of the chamber. Single-channel electrical data were
collected using 300 mM KCl, 10 mM Tris-HCl, pH 7.4 at an applied transmembrane
potential of +80 mV.
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Table A3: Voltage dependence of the partition coefficient, , in a PEG-free solution.
The other experimental conditions were the same as those stated in the caption of Fig. A.1.
All data represent mean  s.d. over at least 3 independent experiments.

Voltage
(mV)
+80

Voltage-dependent, Π

+100

26.3 ± 3.5

+120

69.9 ± 5.7

+140

155 ± 15

+160

272 ± 40

10.5 ± 1.9

Table A4: Dependence of the partition coefficient, , in a PEG-containing solution,
on macromolecular crowding conditions. The applied transmembrane potential was +80
mV. The other experimental conditions were the same as those stated in the caption of Fig.
A.1. [PEG] indicates the PEG concentration. PEGs were symmetrically added to both sides
of the chamber. All data represent mean  s.d. over at least 3 independent experiments.
[PEG]
(%) (w/v)

PEG-1k

PEG-2k

NO PEG

a

PEG-4k

PEG-8k

10.5 ± 1.9

6%

17.4 ± 8

12.6 ± 5.4

14.5 ± 2.1

10.7 ± 1.3

12.5%

NDa

30 ± 5

19 ± 3

11 ± 1

20%

NDa

88 ± 12

52 ± 5

28 ± 5

25%

NDa

NDa

175 ± 25

60 ± 15

ND stands for not determined. 25% (w/v) PEG-2k partitions into the pore lumen,
because GN  1 in 300 mM KCl, 10 mM Tris-HCl, pH 7.4. 12.5, 20, and 25% (w/v) PEG-1k
partition into the pore lumen under the same buffer conditions.
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8. Single-molecule kinetics of the Syn B2 - αHL interactions in PEG-containing
solutions
Table A5: Kinetic rate constants of association and dissociation of the Syn B2 - αHL
interactions. G is the free energy of the Syn B2 - HL complex dissociation. The other
experimental conditions were the same as those stated in the caption of Fig. A.1. [PEG]
indicates the PEG concentration. PEGs were symmetrically added to both sides of the
chamber. All data represent mean ± s.d. over at least 3 independent experiments.

PEG molecular
weight

[PEG]
(%) (w/v)

kon (× 𝟏𝟎−𝟓 )

koff (× 𝟏𝟎−𝟑 )

(M s )

(s )

No PEG

No PEG

2.3 ± 0.5

3.4 ± 0.4

-4.2 ± 0.3

PEG-1k

6

2.1 ± 0.9

2.0 ± 0.3

-4.6 ± 0.4

PEG-2k

6

2.3± 0.9

2.7 ± 0.3

-4.3± 0.3

12.5

4.4 ± 0.7

2.5 ± 0.2

-5.2 ± 0.2

20

9.5 ± 1.2

2.0 ± 0.2

-6.2 ± 0.1

6

2.5 ± 0.4

2.9 ± 0.1

-4.5 ± 0.2

12.5

2.8 ± 0.4

2.6 ± 0.2

-4.7 ± 0.2

20

6.3 ± 0.3

2.0 ± 0.3

-5.7± 0.4

25

14.7 ± 1.5

1.4 ± 0.1

-6.9 ± 0.2

6

2.0 ± 0.2

3.0 ± 0.2

-4.2 ± 0.2

12.5

2.1 ± 0.5

3.0 ± 0.1

-4.2 ± 0.2

20

4.5 ± 0.7

2.7 ± 0.2

-5.1 ± 0.1

25

6.6 ± 0.6

1.9 ± 0.1

-5.9 ± 0.1

PEG-4k

PEG-8k

-1 -1

𝚫𝑮 /RT

-1
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Appendix B
1. Amino acid Sequences
CRAF1-RBD:
SNTIRVFLPNKQRTVVNVRNGMSLHDCLMKALKVRGLQPECCAVFRLLHEH
KGKKARLDWNTDAASLIGEELQVDF

t-FhuA:
LKEVQFKAGTDSLFQTGFDFSDSLDDDGVYSYRLTGLARSANAQQKGSEEQR
YAIAPAFTWRPDDKTNFTFLSYFQNEPETGNSEGSTYSRNEKMVGYSFDHEFN
DTFTVRQNLRFAENKTSQNSVYGNSEGSRKYVVDDEKLQNFSVDTQLQSKFA
TGDIDHTLLTGVDFMRMRNDINAWFGYNSEGSSGPYRILNKQKQTGVYVQD
QAQWDKVLVTLGGRYDWADQESLNRVAGTTDKRDDKQFTWRGGVNYLFD
NGVTPYFSYSESFEPSSQVGKDGNIFAPSKGKQYEVGVKYVPEDRPIVVTGAV
YNLTKTNNLMADPEGSFFSVEGGEIRARGVEIEAKAALSASVNVVGSYTYTD
AEYTTDTTYKGNTPAQVPKHMASLWADYTFFDGPLSGLTLGTGGRYTNSEG
SYTVVDALVRYDLARVGMAGSNVALHVNSEGSQVVATATFRF

3 AA linker: GGS
6 AA linker: GGSGGS
9 AA linker: GGSGSGSSG

27 AA Director: GGSHDGDLDVELSGRTGLEFEPGRDGM (2.8 kDa, -5.5)
24 AA Director: GGSDLDVELSGRTGLEFEPGRDGM (2.5 kDa, -4.5)
14 AA Director: GGTGLEFEPGRDGM (1.4 kDa, -2.5)
RAF-6 AA linker-FhuA → R6F
RAF- 9 AA linker-FhuA → R9F
FhuA-9 AA linker-RAF →F9R
FhuA-9 AA linker-RAF-14 AA Director →F9R14
FhuA-6 AA linker-RAF-27 AA Director →F6R27
FhuA-3 AA linker-RAF-24 AA Director →F3R24
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2. Peak 1 in all nano-constructs shows the same behavior

Table B1. Dwell time, amplitude and frequency of events present in peak 1. Dwell
times (τoff) are from the single exponential fit of dwell time histogram extracted from at least 3
independent experiments. Normalized amplitudes are ΔI/I0 where I0 is the baseline open current
and ΔI =I-I0, I and I0 were extracted from Gaussian fit of the current amplitude all point
histogram.
Protein pore

τoff (ms)
at +40 mV

τoff (ms)
at -40 mV

Normalized
Amplitude
at +40 mV

Normalized
Amplitude
at -40 mV

f (s-1)
at +40 mV

f (s-1)
at -40mV

t-FhuA

0.8 ± 0.2

0.9 ± 0.2

0.7 ± 0.0

0.6 ± 0.1

141 ± 12

135 ± 26

R6F

0.8 ± 0.2

0.8 ± 0.2

0.8 ± 0.0

0.6 ± 0.1

144 ± 13

136 ± 16

R9F

0.6 ± 0.2

0.6 ± 0.2

0.7 ± 0.0

0.6 ± 0.1

146 ± 37

132 ± 52

F9R

0.4 ± 0.2

0.5 ± 0.2

0.7 ± 0.0

0.6 ± 0.1

157 ± 61

143 ± 41

F9R14

0.9 ± 0.1

0.9 ± 0.2

0.7 ± 0.0

0.7 ± 0.0

121 ± 50

117 ± 23

F6R27

N/A

N/A

N/A

N/A

N/A

N/A

F3R24

0.9 ± 0.1

0.8 ± 0.2

0.7 ± 0.0

0.6 ± 0.0

130 ± 25

131 ± 6.4
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3. t-FhuA peaks
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Figure B1. (A) Representative electrical recording
of t-FhuA conformational state associated with Peak
1 at + 40 mV. Dwell time histogram of blockades
200
(middle) is fitted (black line) with single
exponential probability function with the
400
confidence level of 0.95. Dwell time versus
t-FhuA
amplitude closure for the same events are shown in
200
the right panel. (B) Representative electrical
recording of t-FhuA conformational state associated
0
0
200
400
with Peak 1 at - 40 mV. All point histogram of dwell
Time (ms)
time of blockades shown in panel A (middle) is
fitted (black line) with single exponential probability function. Dwell time versus amplitude closure
for the same events are shown in the left panel. (C) t-FhuA peak 2 shows two distinct electrical
signatures. Current spikes up to 10 pA (blue dashed line, state 1) are present in all of them but only
22% of the peak 2 shows spikes with the amplitude of nearly 20 pA (red dashed line, state 2) at – 40
mV and another at -40 mV (D) Representative electrical traces of t-FhuA peak 3 is showing single
step insertion in to the lipid bilayer. Electrical traces in panel A, B and C are low pass Bessel filtered
at 2 kHz.
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4. Free CRAF1-RBD does not enter into t-FhuA
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Figure B2. Electrical recording of t-FhuA peak 3. (A) electrical traces of t-FhuA at
transmembrane potential of + 40 mV in the absence (left) and presence (right) of 10 µM
CRAF1-RBD in cis. (B) Electrical traces of t-FhuA at transmembrane potential of + 40 mV in
the absence (left) and presence (right) of 10 µM CRAF1-RBD in cis. All traces are 8-pole low
pass Bessel filtered at 3 kHz.
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5. R6F peaks
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Figure B3. (A) Representative electrical recording
of R6F conformational state associated with peak1
at + 40 mV. Dwell time histogram of blockades
100
(middle) is fitted (black line) with singleexponential probability function with the
50
confidence level of 0.95. Dwell time versus
R6F
100
amplitude closure for the same events are shown in
the right panel. (B) Representative electrical
0
recording of R6F conformational state associated
0
200
400
with peak1 at - 40 mV. Dwell time histogram of
Time (ms)
blockades (middle) is fitted (black line) with single
exponential probability function. Dwell time versus amplitude closure for the same events are shown in
the right panel. (C) R6F peak 2 shows two distinct electrical signatures. Current spikes up to 10 pA (blue
dashed line, state 1) are present in all of them and 55% of the peak 2 shows spikes with the amplitude of
nearly 20 pA (red dashed line, state 2) at – 40 mV. (D) Representative electrical traces of R6F peak 3 is
showing single step insertion into the lipid bilayer. Electrical traces at panel A, B and C are 8 pole low
pass Bessel filtered at 2 kHz.
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6. R6F Peak 3 shows fast and frequent current spikes
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Figure B4. Event analysis of peak 3 of R6F. (A) Event amplitude histogram of flickers present in the
1.3 nS conformational state of R6F at transmembrane potential of + 40 mV (Up) – 40 mV (Down). (B)
Dwell time histogram of the same flickers at + 40 mV (Up) - 40 mV (Down).
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7. R9F Peaks
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Figure B5. (A) Representative electrical recording of
300
R9F conformational state associated with peak 1 at +
40 mV. Dwell time histogram of blockades (middle) is
200
fitted (black line) with single-exponential probability
400
function with the confidence level of 0.95. Dwell time
versus amplitude closure for the same events are shown
R9F
200
in the right panel. (B) Representative electrical
recording of R9F conformational state associated with
0
peak 1 at - 40 mV. Dwell time histogram of blockades
0
200
400
(middle) is fitted (black line) with single exponential
Time (ms)
probability function. Dwell time versus amplitude
closure for the same events are shown in the right panel. (C) R9F peak 2 shows two distinct electrical
signatures. Current spikes up to 10 pA (blue dashed line, state 1) are present in all of them and only 28% of
the peak 2 shows spikes with the amplitude of nearly 20 pA (red dashed line, state 2) at – 40 mV. (D)
Representative electrical traces of R9F peak 3 is showing single step insertion in to the lipid bilayer.
Electrical traces at panel A, B and C are 8 pole low pass Bessel filtered at 2 kHz.
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8. R9F Peak 3 shows fast and frequent closures at - 40 mV
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Figure B6. Statistical analysis of spikes from peak 3 of R9F at transmembrane potential of 40 mV. (A) Dwell time versus ΔI/I0 exhibits two populations. Green ellipse indicates the smaller
amplitude fast duration closures shorter than 1 ms and pink ellipse determines the longer amplitude
and longer duration events. (B) Logarithmic plot of dwell time histogram displays the two dwell
times. The pink square is surrounding the events associated with the one in pink ellipse in panel
A. The green square is surrounding the events associated with the ones in green ellipse in panel A.
(C) closure normalized amplitude (ΔI/I0) histogram also confirms the existence of two populations
with the different amplitude.
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9. F9R peaks
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Figure B7. (A) Representative electrical recording of
F9R conformational state associated with peak 1 at +
40 mV. Dwell time histogram of blockades (middle) is
200
fitted (black line) with single-exponential probability
function with the confidence level of 0.95. Dwell time
400
versus amplitude closure for the same events are
F9R
200
shown in the right panel. (B) Representative electrical
recording of F9R conformational state associated with
0
peak 1 at - 40 mV. Dwell time histogram of blockades
0
200
400
(middle) is fitted (black line) with single exponential
Time (ms)
probability function. Dwell time versus amplitude
closure for the same events are shown in the right panel. (C) F9R peak 2 shows two distinct electrical
signatures. Current spikes up to 10 pA (blue dashed line, state 1) are present in all of them and 63% of
the peak 2 shows spikes with the amplitude of nearly 20 pA (red dashed line, state 2) at – 40 mV. (D)
Representative electrical traces of F9R peak 3 is showing single step insertion in to the lipid bilayer.
Electrical traces at panel A, B and C are 8 pole low pass Bessel filtered at 2 kHz.
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10. F9R14 Peaks
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Figure B8. (A) Representative electrical recording of F9R14
conformational state associated with peak 1 at + 40 mV.
Dwell time histogram of blockades (middle) is fitted (black
line) with single-exponential probability function with the
400
confidence level of 0.95. Dwell time versus amplitude
F9R14
200
closure for the same events are shown in the right panel. (B)
Representative electrical recording of F9R14 conformational
0
state associated with peak 1 at - 40 mV. Dwell time histogram
0
200
400
Time (ms)
of blockades (middle) is fitted (black line) with single
exponential probability function. Dwell time versus
amplitude closure for the same events are shown in the right panel. (C) Representative electrical traces of F9R
peak 3 is showing single step insertion in to the lipid bilayer. Electrical traces at panel A and B are 8-pole low
pass Bessel filtered at 2 kHz.
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11. F9R14 shows open conformation at low salt concentration
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Figure B9. F9R14 shows quiet electrical signature with conductance of 0.75 ± 0.2 nS (n=14). (A)
Representative electrical recording of F9R14 shows single step insertion of the 0.75 nS channel. (B)
Conductance histogram of single channel at transmembrane potential of + 40 mV. (C) Representative
electrical recording of F9R14 at transmembrane potential of + 40 mV (D) – 40 mV. Electrical are 8pole low pass Bessel filtered at 3 kHz.
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Figure B10. Representative electrical recording of F6R27 is showing the single step insertion
of peak 3 of this nano-construct into the lipid bilayer.
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13. Peak 3 Response to addition of Q61L-HRAS
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Figure B11. Electrical traces of Peak 3 responses after adding Q61L-HRAS. (A) Representative
electrical trace of F6R27 before (left) ad after (right) addition of 400 nM Q61L-HRAS into cis at
transmembrane potential of – 40 mV. (B) Representative electrical trace of F9R14 before (left) ad after
(right) addition 400 nM Q61L-HRAS in to cis at transmembrane potential of – 40 mV. (C) Representative
electrical trace of t-FhuA (left) and R9F (right) after addition of 400 nM Q61L-HRAS into cis at
transmembrane potential of – 40 mV. Electrical traces are 8-pole low pass Bessel filtered at 3 kHz.
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F3R24 Peaks
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Figure B12. (A) Representative electrical recording of
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F3R24 conformational state associated with peak 1 at +
40 mV. Dwell time histogram of blockades (middle) is
200
fitted (black line) with single-exponential probability
function with the confidence level of 0.95. Dwell time
400
versus amplitude closure for the same events are shown
F3R24
in the right panel. (B) Representative electrical recording
200
of F3R24 conformational state associated with peak 1 at
0
- 40 mV. Dwell time histogram of blockades (middle) is
0
200
400
fitted (black line) with single exponential probability
Time (ms)
function. Dwell time versus amplitude closure for the
same events are shown in the right panel. (C) F3R24 peak 2 shows two distinct electrical signatures.
Current spikes up to 10 pA (blue dashed line, state 1) are present in all of them and 57% of the peak 2
shows spikes with the amplitude of nearly 20 pA (red dashed line, state 2) at – 40 mV. (D) Representative
electrical traces of F3R24 peak 3 is showing single step insertion into the lipid bilayer. Electrical traces at
panel A, B and C are 8-pole low pass Bessel filtered at 2 kHz.
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15.

Voltage dependence of peak 3 of all nano-constructs
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Figure B13. Voltage dependence of all the nano-constructs recorded at the transmembrane potential
of between - 80 to + 80 mV.
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